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SUMMARY 


The open-cycle MHD study includes three basic MHD systems each 
of which is bottomed by a nearly conventional 24.132 MPa/811°K/811°K 
(3500 psi/1000®F/1000°F) steam turbine generator. These systems are a 
direct fired coal burning system using the potassium seed for sulfur re- 
moval, a carbonized coal (char) burning system with a direct fired air 
preheater, and a low-Btu gas fired system using cesium as seed and uti- 
lizing an integrated low-Btu gasifier with in-bed sulfur removal. 

The direct coal fired system represents the simplest of the 
plant designs. This plant shows the lox^est overall cost of electricity 
[ranging around 7.78 mills/MJ (28 mills/ld'Jh)] and an overall energy effi- 
ciency of about 47%. The power requirements of the auxiliaries and the 
seed treatment plant of this system were high, decreasing plant efficiency 
approximately 3 points. The seed (potassium carbonate) is partially re- 
generated and elemental sulfur is recovered as a by-product. 

Various parametric cases are also studied for each of these 
systems. These represent variations in coal type, coal moisture content, 
ash carryover, air preheat temperature, and power plant size. Except for 
a few instances, the net impact of varying these parameters on the cost 
and performance of the ** revised’* plant design was relatively small 
(probably within the uncertainty of the analysis). The exceptions in- 
volved certain high ash carryover situations and cases where large pres- 
sure ratio changes occurred (where duct size and consequently magnet 
costs were affected) . 

The system with the integrated low-Btu gasifier shows substan- 
tially higher capital cost than either of the other cases . Three factors 
are involved; (1) cost for the gasifier, (2) a significant cost increase 
in the magnet due largely to the higher MHD pressure ratio that was used, 
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and (3) increased hydroxyl ion in the gas accumulating from the gasifica- 
tion process. Use of the higher pressure ratio was an attempt to mini- 
mize gasifier cost; however, the associated increased magnet cost was 
found to more than compensate for this saving. Lower system pressure 
ratios are suggested. The cost of electricity for this system ranges 
around 10.55 mills /MJ (38 mills /kWh) with an overall energy efficiency of 
49%. 

The system burning carbonized coal in the combustor uses the 
gapor from the carbonizer to fire the air preheater. As might be ex- 
pected, this plant design showed higher costs than the direct-fired MHD 
case, due mainly to the additional costs of the separate air preheaters 
and carbonizers. This plant has a cost of electricity of 9.17 mills /MJ 
(33 mills/kWh) with an overall energy efficiency of about 48%. 

The general insensitivity of cost and performance to the para- 
metric analysis does not mean that the individual parametric variations 
did not influence the system significantly. What appeared to occur was 
a series of compensating effects such that the overall cost was not 
greatly altered. For example, changing fuels from the bituminous (10% 
moisture, 3.9% sulfur) to the lignite (27% moisture, 0.7% sulfur) de- 
creased combustor temperature. To compensate, the design required in- 
creasing channel size, thereby, increasing magnet costs. This cost, 
however, was offset somewhat by savings in seed— treatment because of the 
lower sulfur content of the lignite. This insensitivity of MHD perfor- 
mance and cost to major parametric variations suggests that each of these 
basic system designs have some flexibility to adapting to different and 
changing utility applications. 

The open-cycle MHD topper with its high efficiency does have 
the potential for a future base load power system. A final judgement on 
the commerical viability of this system will require establishing better 
estimates for the cost of superconducting magnets, recovery heat ex- 
changers and the air preheaters. These items represent approximately 40% 
of the total direct-system cost. Demonstrating viable, large-scale MhD 
channel and combustor designs should be given high priority in MHD re- 
search programs. 
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9, OPEN-CYCLE MAGNEXOHYDRODYNAMICS 


9.1 State ef the Art 

Open-cycle MHD is a developing technology which will require 
considerably more research and development before it is reduced to com- 
mercial practice* 

Recent accomplishments Include one-hour continuous operation of 
a generating duct with direct coal firing (Reference 9*1). No mention is 
made of the duct operating temperature or of the plasma conductivity, 
which are critically important to a successful commercial operation. In 
this facility the coal was burned with oxygen, eliminating the need for 
an air preheater (Reference 9.2), 

Considerably longer-duration runs are reported in Reference 9.3. 
Runs of more than 10 hours at full power have been made. The fuel used 
in this facility was a light fuel oil, and the oxidant was oxygen-enriched 
air. Gas conductivities of 10 to 12 mhos/m are reported. 

From the above references, it seems that considerable progress 
in the design and construction of small MHD generators has been made. It 

is reasonably certain that a large-scale MHD generator could be success- 
fully designed and built using either electrode replenishment (as advo- 
cated in Reference 9.2) or cooled walls (Reference 9.3), although all the 
problems have not yet been resolved. 

Superconducting materials and the art of designing large magnets 

has progressed to the point where there appears to be little doubt that the 
necessary magnet can be designed and built successfully. The cost of 
these magnets, however, is not well known. Estimates used in economic 
calculations (Including this report) assume sharp reductions in the cost 
of superconducting wire, which may or may not materialize. Solid-state 
conversion of the MHD output also appears to be well in hand. 
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A major problem area remaining is the development of suitable 
heat exchangers. In order to obtain attractive efficiencies, it is nec- 
essary that the heat in' the exhaust products be recovered and that a sub- 
stantial amount of this heat be transferred to a high-temperature [ISSS^K 
(2400° F)] fluid to limit its thermodynamic degradation. The most compre- 
hensive study of these problems was sponsored by the Central Electricity 
Generating Board of Great Britain (Reference 9,4). The problems were cor- 
rosion and deposition on the heat exchanger surfaces due to the seed ma- 
terial and any ash which was in the stream. The CEGB study did not find 
solutions to these problems, and it may be significant that their work on 
open-cycle MHD has been at a much-re-iuced level in recent years. 

It appears that some presently popular solutions to the duct 
problem (replenishment of electrodes by slag or ceramics injected to coat 
the electrodes) will aggravate the heat exchanger problem. In Reference 9.3 
it is claimed that the slag will be separated from the stream in a cyclone 
at temperatui.es above 2000°K (3140°F) . Separation of slag from the gas 
stream at this temperature will prove to be extremely difficult since 
most of it will still be liquid and some (depending on the coal) vapor at 
this temperature. Any slag which is carried over will tend to form a very 
tenacious coating on the cooler heat exchanger surfaces (Reference 9.4). 
This problem may be eliminated by the schemes assumed in this study 
(Appendices A 9.2 and A 9.3), but this has yet to be demonstrated. 

Another area of uncertainty is the recovery of seed in a form 
suitable for removal of sulfur from the gas stream. There is a lack of 
fundamental data on the chemical processes involved. Appendix A 9.1 dis- 
cusses this problem in considerable detail and describes a system which 
should work but whose equipment sizes and costs are uncertain. The capi- 
tal cost of the system is substantially below that reported for scrubber 
systems, but its power and energy requirements are rather high for the 
bituminous (3.9% sulfur) coal.. Since the energy, power, and capital costs 
are directly proportional to the qucntity of sulfur removed (rather than 
to the volume of gas handled) , this system is attractive where less sulfur 
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is to be removed (for example, the subbituminous and lignite coals of 
this study) , 

The potential performance of open-cycle MUD is very attractive- 
With the cycle conditions envisaged, overall plant efficiencies approach 
50%, Since the MED generator is essentially a volumetric device, its 
economics improve with plant size, and no fundamental limitations are 
now known. Emissions of sulfur can probably be controlled by the seed 
material at some cost in energy and capital (Appendix A 9.1). The 
emission^ of nitrogen oxide can also be controlled by eliminating any 
excess oxygen in the high- temperature regions of the cycle and injecting 
air to complete combustion in some low- temperature regions where insig- 
nificant quantities will form. If the emissions of seed material are 
treated simply as particulate matter (as assumed in this study) , recovery 
efficiencies of about 99.5% are sufficient to satisfy current EPA standards. 

9.2 Description of Parametric Points to Be Investigated 

For open-cycle MHD there are three basic cycles with variations 
of parameters for each basic cycle. The basic cycles and their variations 
are discussed in order of increasing complexity rather than in numerical 
order. 

9.2.1 Base Case 2 

This cycle is the simplest of the three basic cases. As shown 
in the schematic diagram (Figure 9.1), the prepared coal is fed directly 
to a single-stage combustor, where it bums with preheated combustion air. 

To limit the formation of nitric oxides, the combustor is operated rich 
(0.95 times stoichiometric air). The maximum temperature of the products 
of combustion is a function of the fuel (bituminous coal as received) , 
coal pretreatment , stoichiometric air-fuel ratio, combustor heat loss, 
and the air preheat temperature 1589®K (2400®F)] at the specified 
combustor pressure. 

Five percent of the heating value of the coal fired was assumed 
to be transferred to the wall-cooling fluid or rejected with the molten 
slag. A heat loss to the combustor walls and slag tap of 5% of the fuel 
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Condenser 

V/ater 


location 

Point 

No. 

Pressure. 

Psls 

Tamperelure. 

'•F 

Flow. 

Ib/S 

Ambient 

0 

R696 
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Fig. 9.l“Sctiemalic diagram and state points for oper-cvcte MHD Base Case t 
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heating value is assumed in the calculation. This heat is used in the 
steam-bottoming plant. Due to the high combustion temperature [2708‘’K 
(4415 “F) 1 , some of the slag will be vaporized and will not be removed 
through the slag tap. A carry-over of 20% has been assumed. Four 
combustor modules feed one mixer. The construction and cost of these are 
discussed in Appendix A 9.4. In order to prevent its being carried out 
with the slag, the potassium seed material will be injected in the mixer. 
Since the seed material is being used to remove sulfur, a level of 1% of 
the mass flow through the MHD generator was used in all cases to assure 
an adequate supply for the highest anticipated sulfur level. Furthermore, 
to provide this capability it is necessary to recycle some of the seed in 
a nonsulfate form. A treatment plant is provided to recover potassium 
from ash and to convert potassium sulfate to potassium carbonate. The 
basic equation of the conversion is 

K2SO4 + CO2 + 4H2 K2CQ3 + H 2 S + 3 H 2 O. (9.1) 

The hydrogen is produced by gasifying the coal in an oxygen-blown gasifier. 
When account is taken of the hydrogen produced by the shift reaction 

CO + H2O i OO2 + H2, (®*^^ 

an energy input of 8.38 HJ/(kg mol potassium sulfate) is found to be the 
thermodynamic minimum for this reaction. There are other processes in 
the conversion which ideally produce net energy output (for example, the 
Claus plant, which converts the hydrogen sulfide to elemental sulfur), but 
these outputs are small. The irreversibilities of practical equipment 
are such that the actual energy requirement is about 30% larger than the 
minimum. The design, operation, cost, power, and energy requirements of 
this plant are discussed in Appendix A 9.1. Potassium to replace the 
stack losses and seed carried out in the slag is supplied in the carbonate 
form. 

The pressurized [607.9 kPa (6 atm)) potassium-seeded combustion 
products leave the mixer through a converging nozzle where they are 
accelerated to a velocity of 775 m/s (2542 ft/s) before entering the active 
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MHD duct. This velocity (u) decreases in the direction of flow and is 
specified as a function of pressure and density as 


d(i6.= o.2p (9.3) 


with u in m/s, p in atm, and p in kg/m . 

The magnetic field is imposed on the plasma by a superconducting 
magnet which is designed to limit cross-sectional nonuniformities to 5% 
and 8% in the directions parallel to and transverse to the field lines, 
respectively. The nominal magnetic field over the upstream portion of 
the MHD duct is 6 T. At the duct section where the pressure reaches 
202.6 kPa (2 atm), the magnetic field begxns tapering to reduce the Hall 
field to acceptable levels at the duct outlet end. The taper specified as 

4^ = 2 T/atm (9.4) 


The generator is a segmented design with the electrodes paired 
diagonally to eliminate Hall current effects (Appendix A 9.11). The 
generator-loading coefficient K (the ratio of load voltage to open-circuit 
voltage) is 0.82 at the upstream end of the duct and tapers in the d*rec 
tion of flow according to Equation 9.6. For an 1180 MW MHD output the 
dK/dp value would be 0.0205/atm 

4^ = 0.0205/atm (9*5) 

dp 

The value of dK/dp is calculated from the equation 

— = 0.05 - 0.0025 PMHD x 10“® (9*6) 

dp 


with PMHD in watts. This equation was 


used for all points in this study. 


The expansion through the duct is carried to a pressure level 
that will permit a recovery to 117,2 kPa (1.157 atm) with an 80% 
efficient diffuser. The diffuser walls are cooled by some of the 
combustion air. 

Heat transfer to the duct-cooling water of 10% of the 
generated power is assumed j and viscous losses are Included using a 
Fanning friction factor of 0.005. The cooling water used is the steam 
plant feedwater. This heat, transferred directly to the steam bottom 
cycle without any need for a coupling heat exchanger or intermediate 
fluid, is used by the steam plan'-. 

On leaving the diffuser, the combustion products enter the main 
combustion air heater (heat recovery exchanger) . The combustion air is 
heated to 1589“K (2400“F) while the combustion products are cooled to ap- 
proximately leSO-K (2511° F) . Due to the very high temperature of the ex- 
haust products and the fact that they contain slag and seed, the heat 
recovery exchanger is a radiant design. In this design it is not neces- 
sary for the exhaust products to contact the tubes, so it is possible that 
the tube surfaces can be protected from fouling and/or corrosion by bath- 
ing them in. recycled products or air. This design also leads to generous 
passage widths so that plugging is minimized and maintenance facilitated. 
Silicon carbide tubes are used for the highest temperature [above 1380 “K 
(2040®F)1 portion of this exchanger, and a high-nickel alloy for inter- 
mediate levels. The design and construction of this heat exchanger and 
diffuser are described in Appendix A 9.2. 

The products next enter the bottoming plant (coupling) heat ex- 
changer (steam generator). The first section exists in a temperature 
range where the potassium sulfate and ash will be condensing. This will 
be a radiant section with widely spaced tube platens. The tubes are 
covered with a ceramic. The surface temperature will be maintained above 
the freezing point of the materials to permit them to drain off and be 
tapped from the bottom of the cavity. When the gas stream temperature 
approaches the freezing point of the seed ash mixture ['v 1300“K (1881 F)], 
air will be Injected into the stream to quench and freeze the seed. We 
have assumed that the same air which is required to complete combustion 
of the fuel (stoichiometric ratio of 1.05) will serve this purpose. If 
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more quenching Is required , some combustion products can be recirculated* 

After quenching, the seed and ash will be in an innocuous, dry ^ fluffy 
form. These gases will then be cooled to 425®K (306® F) by transferring 
heat to the reheat steam and low-temperature primary steam in convection 
tube banks. A detailed discussion of the steam generator design is in- 
cluded in Appendix A 9.3. 

The products then pass to the electrostatic precipitator where 
the dry seed and ash products are removed from the gases* The selection 
and design of precipitators for this job are discussed in Appendix A 9.12. 

The required precipitator efficiency was determined from the current 
particulate emission limitation Imposed by the £FA. These limits arc 
more stringent than the commonly assumed economic seed recovery values. 

The calculations of required efficiency are described in Appendix A 9.1. 

The exhaust gases are then exhausted to the stack of the plant. 

The precipitator dust and the seed tapped from the bottom of 
the superheater pass through a seed treatment plant. Here, sufficient 
potassium to react with the sulfur in the coal stream is converted from 
the sulfate to the carbonate form. The treatment plant produces high- 
quality elemental sulfur. The design and energy requirement calculations 
for this treatment plant are discussed in Appendix A 9.1. 

The bottoming plant for this case is a 24.2 MPa/811®K/811®K 
(3500 psig/1000®F/1000®F) steam plant with a condenser pressure of 
6.75 kPa (2 in Hg) abs. This back pressure was chosen as being reasonably 
compatible with ISO ambient conditions and evaporative cooling towers. 

One steam turbine drives the compressor to supply the air to the MHD 
plant. The remaining steam is used in a conventional turbine- generator 
to provide ac power. 

Figure 9.2 shows the asoumed 232-acre site, including scaled 
size blocks representing the plant island area, coal and oil storage and 
handling facility, switchyard, cooling towers (not to scale), and on-site 
railroads. The waste storage area is not shown. Some details of the balance 
of plant assumed may be found in the amount column ''f the detailed accounts 
listing (Table 9.10). A plant island layout and elevation is included in 
Appendix A 9.6 as Figure A 9.6.2. 
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Base Case 2 and its variations are summarized in Table 9.1. 

The nominal power output of the base case is 2000 MWe. 

9.2.2 Variations on Base Case_2 

Points 2 and 3 have nominal power outputs of 1200 and 600 MWe, 
respectively. All other points have a nominal output of 2000 MWe. 

For Point 4, the fuel is the bituminous coal with minimum drying 
(moisture level reduced from 13 to 3%) . The fuels for Points 5 , 6 , 7 , and 
8 are the subbituminous coal with 20% moisture, the subbituminous coal with 
16% moisture, lignite with 27% moisture, and lignite with 18% moisture > 
respectively. 

Points 9 and 10 use two-stage combustors with the bituminous 
coal, with 13% and 3% moisture, respectively. These combustors are dis- 
cussed more fully under Base Case 1 and in Appendix A 9.4. The 
slag carry-over is assumed to be 10% for these two cases. 

Point 11 has a three-stage combustor burning the bituminous coal 
as received. The slag carry-over is assumed to be 5% with this combustor. 
Point 12 has a one-stage combustor with no slag removal so that all of 
the ash in the coal is carried over into the plant. 

Point 13 differs from Base Case 2 in that here enough 
exhaust products are recycled with the combustion air to limit the combustor 
temperature to 2700®K (4400®F). This concept is discussed more fully under 
Base Case 1. pue to the moisture level of the coal and the rela- 
tively low air-preheat temperature, only 1.3% of the gas flow through the 
MHD uuct is recycled. 

Points 14 and 15 have duct pressure ratios of 8 and 10, respec- 
tively ^rather than the base value of 6. 

Point 16 has a 16.6 MPa (2400 psig) steam plant in place of the 
24.2 MPa (3500 psig) of the base case. 

Point 17 combines the drier bituminous coal with a duct pres- 
sure ratio of 7. 
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Fig. 9.3“Scheralic diagram and state points for open-cycle MHD Base Case 3 
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9.2.3 Base Case 3 

Base Case 3 includes the use of a low-Btu gas produced 
from the bituminous coal using the Westinghouse Fluidized Bed Gasifier 
and high-temperature desulfurization. The operating conditions of the 
gasifier and the gas properties are given in Table 2.8. The gasifier is 
integrated into the MHD cycle, as indicated in the schematic diagram 
(Figure 9.3). 

Some of the air delivered by tb>- main air compressor is pre- 
heated to 672°K (ISO^F) and taken to the gasifiers to react with the raw 
coal. The clean product fuel gas is then preheated by heat recovered 
from the MHD exhaust products. It is then burned with the remaining com- 
bustion air. The thermodynamic calculations were made assuming equal 
preheat temperatures for the air and fuel gas. Due to materials problems 
(Appendix A 9.2), differing temperatures were used in the heat exchanger 
design. 

The seed material [cesium carbonate (Cs202)l is injected into the 
combustor at a rate equal to 1% of the gas flow rate through the duct. 
Makeup cesium is supplied as an ore containing 25% cesium. 

The duct expansion parameters are specified or calculated as 
discussed under Base Case Number 2. 

On leaving the diffuser the MHD exhaust gases pass through the 
fuel gas and air preheaters. The design and cost of these preheaters are 
discussed in detail in Appendix A 9.2. 

The heat recovery steam generator design is discussed in 
Appendix A 9.3. The temperature at which the quench air should be in- 
jected will be influenced by the fact that the material to be quenched 
will be nearly pure cesium carbonate, l-fhen the gases have been cooled to 
425'K (306°F), the cesium carbonate will be recovered from the stream by 
an electrostatic precipitator whose efficiency is again determined by 
current particulate emission limits. Since the seed will be reasonably 
clean cesium carbonate, it will be recycled with a minimum of treatment 
(possibly grinding or pulverizing) . 
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The steam-bottoming plant for this case has the same parameters 
as Base Case 2. However, due to the higher pressure ratio (10:1), 
a larger portion of the steam plant output is required to drive the air 
compressor* The nominal output of this case is 2000 MWe. 

The site layout for Base Case 3 is similar to that for Base 
Case 2 and is shown in Figure 9*4. The accounts listing is given as 
Table 9*16. The plant island layout and elevation are included in 
Appendix 9*6 as Figure A9,6*3* 

9*2.4 Variations on Base Case q 

Base Case 3 and its variations are summarized in 

Table 9.2* 

Points 2 and 3 have nominal plant outputs of 1200 MWe and 
600 MWe respectively. 

In Point 4, the air and fuel preheat temperature are raised to 
2028®K (3191®F). The corresponding flame temperature at 1*013 MPa 
(10 atm) is 2855*^K (4680°F). 

In Point 5, the duct pressure ratio is raised to 15 with essen- 
tially the same air and fuel preheat temperature [2025°K (3186^F)] as 
Point 4. 

9*2*5 Base Case i 

In Base Case 1 , the coal is carbonized to produce a char 
(which is a very desirable fuel for the MHD duct) and a clean lox^r-Btu 
fuel gas (gapor). As shown in the schematic (Figure 9,5), the char is 
introduced into a two-stage slagging MHD combustor while the gapor is 
burned in a separate stove to preheat a mixture of combustion air and re- 
cycled exhaust products* 

The first stage of the MHD combustor is operated with consider- 
ably less than stoichiometric oxygen to limit the temperature levels so 
that most of the slag will be liquid and can be tapped off* In the 
second stage the remaining mixture of air and recycled exhaust products 
and the seed are introduced* The second stage is operated at 95% of 
stoichiometric oxygen to limit production of nitric oxides. The mixture 
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TABLE 9. 2 — OPEN-CYCLE f\AHD PARAMETRIC INVESTIGATION OF BASE CASE 3 
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4400 
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147. 0 

147.00 

147.0 

147.0 
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Steam Throttle Press., psio 
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3500 
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3500 
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of air and recycled products is adjusted to obtain flame temperatures of 
2700*K (4400°F) at a combustor pressure of 607.8 kPa (6 atm) with an air 
and recycled products preheat temperature of ISSS^K {2933“F), a heat loss 
to the slag and combustor walls of 5% of the higher heating value of the 
fuel, and sufficient seed (as potassium carbonate and potassium sulfate) 
to produce a 1% potassium level in the MHD duct. The design and opera- 
tion of this combustor are discussed in detail in Appendix A 9.4. 

The parameters for the expansion through the MHD generator are 
all specified as described for Base Case 2, and (with two exceptions) 
the MHD exhaust products are handled the same as in Base Case 2. 

The first exception is that the products of combustion of the 
gapor are mixed with the MHD exhaust products. These vapor products can 
be used as the protective layer around the heat recovery exchanger tubes 
and/or to supplement the air used in quenching the seed and slag materials. 

The other exception is that some of the products are directed 
back from the stack to the inlet of the main air compressor. For the 
base case (Point 1) the recycled product flow rate is 30% of the gas 
flow through the MHD generator, or 435 kg/s (979 Ib/s). 

After passing through the compressor, the mixture is heated to 
1580“K (2385°F) by heat recovered from the MHD exhaust stream as in Base 
Case 2. The mixture is then heated further to 1885“ K (2934“F) in the 
stoves (periodic-type heat exchangers). These stoves are similar to 
those used in the steel industry, and their design and operation is 
described in detail in Appendix A 9.2. The use of the clean gapor as a 
fuel makes it possible to utilize this type of stove without plugging 
the passages in the brickwork unduly. 

In order to make the energy of the gapor available at a usable 
temperature level [> 1580“K (2385“F)] it is necessary to preheat its com- 
bustion air. The air is preheated regeneratively to 1580“K (2385“F) by 
the gapor products. This is done in a ceramic muffle furnace which is 
also described in Appendix A 9.2. Due to its agglomerating tendency, it 
is necessary to preoxidize the bituminous coal before introducing it to 
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the carbonizers. During this step^ all of the moisture is removed from 
the coal* As a result, the gapor produced has a relatively high heating 
value 13*532 MJ/kg (5819 Btu/lb) * If this fuel is burned with 1580®K 
(2385“F) air, the resultant flame temperature will create severe materials 
problems in the hot end of the stove. To limit the flame temperature to 
2255 (360b®F), 1*87 kg of products are recycled from the exhaust of the 
stove for each kilogram of combustion air. To accomplish this the 
pressure of the recycled products must be increased by an amount greater 
than the pressure drop through the stove (by jet pumping with the 
combustion air). The inherent problems in this procedure is and some 
alternative methods are discussed in Appendix A 9*5. The products, which 
are exhausted from the stoves, heat the combustion air in the muffler 
furnace and are then injected into the MHD exhaust stream* 

The base case requires 40 of these stoves, and valves are 
required on the incoming and outgoing streams to permit cycling of the 
stoves. To minimize the number of valves, a complex manifolding scheme 
was developed and is discussed in Appendix A 9.6. 

The nominal power output of Bass Case 1 is 2000 MWe* 

The site plan for Base Case 1 is shown in Figure 9.6 and includes 
a dolomite-handling facility* The accounts listing for Base Case 1 
is presented as Table 9*22. The plant island layout and elevation are 
included as part of Appendix A 9.6 as Figure A 9.6.1. 

9.2.6 Variation on Base Case 1 

Variations on Base Case 1 are summarized in Table 9-3. 

Points 2 and 3 have nominal outputs of 1200 and 600 MWe respec- 
tively. 

Point 4 was to have used the bituminous coal as received. The 
need for preoxidation, however, eliminated the distinction between this 
case and the base case. 

Points 5, 6, 7, and 8 were to have been similar to the base 
case with the subbituminous coal with 20% moisture, the subbituminous coal 
with 16% moisture, the lignite with 27% moisture ,and the lignite with 18% 
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TABLE 9.3. “ OPEN-CYCLE MHD PARAMETRIC INVESTIGATION OF BASE CASE 1 


Parametri r Point 

Power Output. MWe 

Fuel ; 

Bituminous Coal. Preoxidized 
Biihhituminnus Coal. Min. Dn 
Subbitiiminous Coal. Max. Dp 

Lignite Coal. Min. Dry 

Lignite Coal. Max., Dry 

Combustor Stages 

Ash Carryover. % 

Diluent Exhaust Gas Used 


10 1 
90^11 

10 

10 

X 

10 

X 

10 

X 

2933 









moisture respc,ctively as fuels. Since preoxidation of these coals was 
not necessary, however, their gapors contained large quantities of mois- 
ture and they were inferior fuels. As a result, it was found that if the 
gapor combustion air and the stream to be preheated entered the stoves at 
1580® K (2385®F) , the energy available above the temperature of the steam 
to be preheated [plus a 100®K (180®F) differential to provide for heat 
transfer] resulted in temperature rises of the preheated stream of less 
than 40®K (72®F). This is illustrated in Point 7 where, when both streams 
entered the stoves at 1525®IC (2286®F), a rise of 40°K (72®F) was achieved 
with no recycled products. To avoid this situation, we reduced 
the temperature of both streams entering the stoves for Points 5, 6, and 
8 to 1350®K (1970®F) . At this level it may be possible to eliminate the 
need for ceramic heat exchangers in the MHD exhaust stream. The 152 5® K 
(2286®F) level was chosen for Point 7 to determine its overall effect on 
cycle performance and cost. To obtain a 40® K (72® F) rise, it was neces- 
sary to eliminate the recycle stream for Point 7. The resultant final 
temperatures of the preheated streams are 1695, 1708, 1580, and 1565®K 
(2592, 2615, 2358, and 2385® F) , and the recycled products are 14, 14, 0, 
and 7 percent for Points 5, 6, 7, and 8 respectively. The MHD combustor 
flame temperature for Point 7 is 2676®K (4357®F). There is no recycling 
of products around the stoves, since flame temperatures are within chrome- 
alumina brick capabilities. 

Points 9, 10, and 11 differ from the base case in that a three- 
stage combustor is. used for Point 9 and a single-stage combustor for 
Points 10 and 11. Ash carry-overs of 5, 20, and 100% are assumed for 
Points 9, 10, and 11, respectively. 

In Point 12 no exhaust gas is recycled. The final preheat 
temperature is held at the same level as the base case by reducing the 
temperatures of the air to be preheated by th^ stoves and the stove com- 
bustion air preheat temperature to 1438 and 1050®K (2129 and 1430®F) 
respectively. The MHD combustor temperature is 2953°K (4856®F),and a pres- 
sure level of 1.2159 MPa (12 atm) is used to match this temperature level. 
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In Point 13 j the final preheat temperature is reduced to 1668®K 
(2543 **F) with corresponding reductions in the temperatures of the combus- 
tion air and preheat stream entering the stoves to [630 and 1328®K (675 
and 1931°F)] respectively. For this case the MHD generator stream con- 
tains 18% recycled products to limit the combustor temperature to 2700®K 
(4400®F). To limit the stove flame temperature to 2255®K (SbOO^^F), 0.7 kg 
of gapor combustion products are recycled for each kilogram of combustion air. 

In Point 14, a final preheat temperature of 2218® K (3533®F) is 
used. To reach this temperature, the preheat stream and gapor combustion 
air enter the stove at 1970®K (3087®F). To reach the final preheat temp- 
erature, it is necessary to limit the recycled products flow and allow the 
MHD combustor temperature to increa*»e to 2800®K (4581®F). At this level, 

41% of the MHD duct gas flow is recycled products. It is also necessary 
to remove the limitation on the combustion temperature of the gapor. No 
gapor products are recirculated, and the gapor CGmb^Jlstion temperature is 
2505°K (4050®F). In calculating the cost of the stoves, it was assumed 
that zirconia brick would be used where the gas temperature exceeded 
2255®K (3600®F). 

Points 15 and 16 have MHD pressure ratios 8 and 10 respectively. 
Because of reduced dissociation, it is necessary to recycle 32 and 33% (as 
a fraction of flow in the MHD duct) of the products to maintain the 2700°K 
(4400®F) MHD combustor. 

Point 17 has a 16.6 MPa/811®K/811®K (2400 psig/1000®F/1000®F) 
steam bottoming plant. 

9.3 Approach 

The basis of the open-cycle MHD duct calculations is a 
Westinghouse proprietary computer program (MHD-2502) which calculates the 
equilibrium composition, the thermochemicai properties^ and the electrical 
conductivity of seeded products of combustion. This program requires 
that the fuel and oxidant components be given as chemical compounds, that 
their composition be given as mole fractions of the compounds, and that 
their energy content be given as heats of formation of the compounds. A 
simple auxiliary program (INPUTAFLOWS) was written to convert coal and 
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oxidant compositions (which were given as percents by weight) inth the 
desired form and punch cards which are used as the input for MHD-2502. 

This program listing is in Appendix A 9,7* 

The MHD 2502 program was modified so that the results of Its 

calculations were printed on a computer file as well as on paper* Another 
auxiliary program (MAP DISK) was written to take selected data (specific 

enthalpy, electrical conductivity, specific entropy, etc.) from this file 
and organize them into rectangular arrays of fluid properties. The array 
arguments are temperature (®K) and pressure (atm) » A listing of this 
program is in Appendix A 9.7. 

The arrays then serve as data for various versions of the MHD-- 
DUCT program. These duct programs calculate the performance and design 
of the MHD duct and estimate the performance of a cjmbined MHD-bottoming 
plant. The MHDDUCT program was originally written for another contract, 
but extensive modifications were required for this work and three differ- 
ent versions were used for this contract. 

9.3.1 Duct Program for Base Case 2 

The core of the duct programs is a finite element solution of 
the MHD generator performance. Using the data generated by the MHD 2502, 
the duct programs calculate the element of duct length required for a 
specified small pressure step. For the small step the properties of the 
fluid are assumed to be constant and uniform over the cross-section. 

The duct calculation begins with a specified combustion pres- 
* 

sure (PCOIiB) and a specified combustion temperature (TCOMB)and calculates 
the static pressure and temperature at the start of the generator for the 
inlet velocity (UO) . It is terminated when a pressure level is reached at 
which a diffusion of specified efficiency will result in a specified duct 
outlet pressure (diffuser exit pressure). The calculation is initially 
performed for an estimated flow of gas^and an iteration is carried out to 
determine the gas flow rate required for a specified MHD power output 

(PE). 


*The nomenclature used in the duct program is defined in Table 9.4. 
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Table 9A - Nomenclature Used in Open-Cycle 
MHD Duct Program Outputs 


A4 “ Area of duct cross-section at upstream end , 

A5 = Area of duct cross-section at downstream end , 

B - Magnetic field Intensity on duct centerline , Wb/m^ 

C “ Velocity coefficient [d(U^)/dp 2 C /Density] 

D “ Height-width of generator , m 

DB » Magnetic field decrement (dB/dp = DB, Wb/m^-atm) applied 
only when pressure is below 2 atm 

DK « Generator coefficient decr«:inent (dK/dp - DK, atm*^) presently 
calculated as DK « .05 - .0025 PMHD x 10“® 

» Mean height-width of generator (D4 + D5)/2, m 

« Height-width of generator at inlet end ()/ A4 ) , m 

» Height-width of generator at outlet end (/ A5 ) , m 

» Conversion efficiency of MHD generator (AH/iH^) 


DM 

D4 

D5 

ETAMHB 

HR 

K 

M 

MA 

MAW 

MA’ 

MC 

MCW 

MG 

MS 


» Plant heat rate , Etu/kWh 

« Generator segment loading coefficient operating voitage/open 
circuit voltage) 

= Mass flow rate of gas , kg/s 

- Mass flow rate of dry air through duct , kg/s 

= Mass flow rate of moist air through duct , kg/s 
= Mass flow rate of supplementary air , kg/s 
= Mass flow rate of dry ash free combustible^ kg/s 
= Mass flow rate of moist combustible , kg/s 
« Mass flow rate of gas through MHD duct , kg/s 

- Mass flow rate of seed compound , kg/s 
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T 




MU 

MWC 

MWS 

NA 

NC 

P 

PAUX 

PC 

PCOMB 

PE 

PHI 

PMHD 

PS 

PSE 

PT 

PI 

QA 

QS 


Table 9.4 (continued) 


Electron mobility, ra^/Wb 

Mass flow rate of moisture in coal, kg/s 

Mass flow rate of water with seed, kg/s 

H Conversion efficiency of generator seg^nent 

=* Ratio of moles of air to moles of oxidizer 

« Ratio of moles of combustible to moles of fuel 

= Pressure in gas states or generator design (atm) or net plant 
power output, W 

» Auxiliary power requirement, w 

« Main air compressor power, W 

« Combustor pressure, atm 

« Electrical output of MHD generator, W 

« Equivalence ratio — flow rate of air divided by stoichiometric 
flow rate of air 

= Net power output of inverters, w 

=» The electrical output of a generator receiving all the 
mechanical power of the steam turbine, W 

« The electrical output of a generator receiving the output of 
a turbine which also drives the air compressor, W 

The mechanical power available for the generator after 
deducting the power for the air compressor^ 

» Compressor outlet pressure, atm 

* Heat added to the oxidant (air + recycled products) in the 
air preheater, J 

» Total heat transferred to the steam cycle, W 
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Table 9.4 (continued) 


QSO - Heat transferred from the exhaust gases to the steam ^ W 

QSl = Heat transferred from the combustor to the coolint^ W 

QS2 = Heat transferred from the MHD duct to the coolant, W 

RHO « Gas density^ hg/m^ 

RMAP = Ratio of supplementary air flow rate to MG 

BMC “ Ratio of dry coal flow rate to MG 

RMCW « Ratio of moist coal flow rate to MG 

RMOX =5 Ratio of oxygen flow rate to MG 

RMRF - Ratio of recirculated gas flow rate to MG 

RMS ~ Ratio of seed compound flow rate to MG 

RMWC - Ratio of coal moisture flow rate to MG 

RMWS » Ratio of seed water flow rate to MG 

S « Gas entropy, J/kg-'^R 

SIGMA =» Gas conductivity^ mhos/m 

T « Temperature, ®K 

TCOMB - Combustor temperature^ 

TSTACK = Temperature of gases at exit of bottoming plant heat 
exchanger, 

THETA « Heating value of dry ash free fuel, J/kg 
U = Gas velocity, m/s 

U6 ==* Gas velocity at inlet end of duct, m/s 

XS = Stoichiometric ratio of oxidant moles to fuel moles 
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The MHDDUCT programs also calculate: 

• The pressures at all stations defined in the cycle 
schematics* These are calculated from a specified 
ambient pressure (station 0), combustor pressure, and 
component pressure drops. 

• The mass flow rates of fuel, air, moisture and seed 
through the MHD duct from the calculated gas flow 
rate and the flow ratios RMAP, RMC, BMCW, RMOX, 

RMRP, RMS, RMWC, and RMWS. These ratios are calcu- 
lated by INPUTAFLOWS (Appendix A 9.7) for the first 
two versions of the duct program (FRECIRCINJOX and 
DQHDUCT) • For CHRDUC2, they are calculated in a 
subroutine of the program (PRELIM) . 

9 Compressor power (PC) required for the moist air 

(MAW)^ recycled products flow rate, and the compressor 
pressure ratio. 

« The air preheat temperature and the heat required 
for it (QA). QA is the heat which must be added to 
the reactants if they are to reach a given flame 
temperature with the specified combustor heat loss. 

It is based on the output of MHD 2502 and is calcu- 
lated in the duct programs. 

9 The heat which is available to the bottoming plant 
(QS) . This is calculated by deducting QA from the 
total heat available by cooling the MHD exhaust pro- 
ducts to TSTACK plus the combustor, duct generator, 
and inverter heat losses. In the program this was 

achieved by using the MHD 2502 program to calculate 
the composition and molecular weight of the products 

after injection of the supplementary air (MA^). 

Dr. S. W. Way, however, has pointed out that these 
results do not include the heat released during con- 
version of potassium carbonate to potassium sulfate 
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and subsequent condensation and solidification of 
the potassium sulfate. To correct for this omission 
Dr. Way calculated the correct enthalpy of the exhaust 
products ducts by hand, and his results have been used 
to correct the value of QS obtained from the program. 

• The duct program then calculates the net plant 
output (P) for a range of bottoming plant efficien- 
cies by adding the bottoming plant power to the net 
MHD power (PMHB) and subtracting the compressor 
power (PC). 

e The thermodynamic efficiency of the plant (overall 
efficiency) or heat rate (HR) is then estimated by 
calculating the heat input from the product of the 
combustible flow rate (MC) and the heating value 
(THETA) divided by the plant output (P). 

A listing of the duct program used for Base Case 2 and its 
variations (PRECIRCINJOX) is included in Appendix A 9.7. Table 9.5 is 
the duct program output for Base Case 2* 

9.3.2 Duct Program for Base Case 3 

Since Base Case 3 uses an integrated low-Btu gasifier, it was 
necessary to modify the program somewhat. The additional output quan- 
tities are listed and defined in Table 9,6. Table 9.7 is the output 
for Base Case 3. The listing of this program (DQHDUCT) is in Appendix 
A 9,7. 

The changes in the duct program were required to account for 
the fact that: 

• Some of the compressed air is needed to gasify the fuel 
and, hence, appears as part of the dry ash free com- 
bustible flow. The airflow rates include only the 

air to the MHD combustor. 

o Some of the exhaust heat is needed to generate low- 
pressure steam for the gasifier . 
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Table 9.5 Output of FRECIRCINJOX for Base Case 2 

PATCHES 2/5/7S FOP PttKE FUNCTi DATE 022S75 

PROCj. of ill* COAL AS REC*D. BfITM li POl * SEED AS DRY CARBONATE 
OAIOANT is air alTH .6392 HOIST* (SVF-60t HEL* HUH*) 


PHI m *VS PHHO <» !*I60004-U9 TCOhB o 2708*0 

RHRP « «000 RNOX a *000 


HHAh « a*BOHaoo-tn 

RHitC • I *N6H65U«>02 


RHC • 0*72027Q«'02 

RHUS « *000000 


RMS » 
RHCW • 


PCOHB » 6*000 UO « 778*00 

1*767260-02 

laOldSOC-01 RhAP » 9*268190*02 


0C « IS«60 NC s «B7t2 NA « *9661 HHVOAf » t*393B00«09 

AS > S*023«I>tO«aO T(STACA) » <»»2S00aQ^02 


EFT ICIENCI ES 
DIFFUSER 

rotatino ocnerator 
OC/AC INVERTER 


• bOOU 

• 96<i0 

• 98b0 


HEAT transfer RATIO 

FROM COMBUSIEK TO 
MHO GENERATOR TO 


subposeo plant 

SUOPOSEO PLANT 


«0S0 

• too 


VO 

U> 

o 


friction factor in mho duct 
PAUX/PSE * *0|S0 

IPl-PCOHBI/PCOHB « »(JE1S 
PC/HAA » 2.299ia*.U5 

QA/HAA II 1*23M12^U6 

THETA Cl 3.2H19S+07 

PMHO » 1*I60UQ«>U9 

PE ■ i • 19797*UV ^ 


• GOSO 


C «> *1000 

OK s *0208 
06 ■ 2*0000 

HG I**U833H>»03 
HG I*M26603«03 


AIR SIDE 


total pressure temperature 


O 


compressor inlet 
COMPR tijSOH outlet 
AIH PREHEATER EXIT 

gaS side 


*9600 

6**»b90 

6*3000 


288*3003 

513-6719 

I5BB.2133 


TOTAL PRESSURE 


MHO DUCT inlet 6*QOOO 
DIFFUSER EXIT 1.1573 
INJECTOR EXIT 1*1236 
AIR PKEHLATER exit I.06UQ 

bottoming heat exch* exit UQUUD 


temperature 

2706*0000 
2280. Hi 77 
2237.6HI 7 
1625.BH62 
H25.U000 




GAS STATES 


* 




POINT* 

P 

T 

H 

RHO 

S 

H 


□ 

1*000 

288* 

7. 



1256.13H 


1 

• 980 

268* 

7. 



1256*134 

> 

2 

6.H89 

51H. 

105* 



1256*134 

. •• 

3 

6*3UU 

1566* 

6 3 6 * 



1256*134 


H 

6*000 

2708* 

SS73U • 

*7873 

9163*3 

1426. 647 

c, . 

S 

H*027 

2S81 . 

256998. 

*bS78 

9163*3 

1426*647 

r J 

6 

• B9 1 

2178* 

~56bs6H* 

« 1H82 

92H2.8 

1426*647 

■ - - 

7 

1*15/ 

2260* 

—366370* 

« 1833 

9258*6 

1426*647 


a 

I * 12H 

2238* 

-33b2 1 1 * 

• 182H 

922 1 *H 

1558*872 


9 

1 *U60 

1626* 

-1329661 * 

*2389 

67)2*6 

1558*872 


lu 

1 *000 

H2S* 

-280/H62. 

• UUOQ 

• 0 

1558*872 



■rA- 



t 


PAGE 
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Table 9 . 5 Continued 

PATCHES 2/5/75 FOR PttRE FUNCT3 


generator design 


POINT 

HOU 

-»tll 

**02 

HQ3 

MGH 

**05 

**G6 

**07 

**ua 

*i09 

*MO 

**ll 

*UZ 

HU 

HIH 

Hl5 

b 

6 


LENGTH 

• 000 

• can 

• S 6 H 
I *66d 
2«501 
3U69 
H«2e2 
5*2H9 
AtzeA 
'7.503 
9*09 I 

1 1 tZHS 
15*052 
16*042 
19*(]17 
21.712 
•:2l.99I 


D/OH 
I .000 
I *003 
1«036 
1.073 

1. UH 
1.160 
1.212 
1.271 
1.3H1 
1 *423 
1.523 
1.647 
1 .846 
1.930 
2.026 

2. 139 
2.150 

• OUU 


P 

4,027 

4.000 

3.750 

3.500 
3*250 
3t0UU 

2.750 

2.500 
2.250 

2.000 

1.750 

1.500 
1.20U 
UiUO 
I .000 

.900 
• S 91 
1.157 


T 

250 1 . 
2579. 
2561 . 
2543. 
2522* 
2501 • 
2477. 
2452. 
2423. 
2392. 
2356. 
2316. 
2257. 
2234. 
2206. 
2U0. 
2178. 
22 B 0 . 


SIGH A 
6.767 
6.73B 
6.457 
6 . 1 65 
5.655 
5.536 
5 . 193 

H. G36 
4*456 
4*057 
3*630 
3.172 
2.560 
2.36B 
2.149 

I. 920 
I .896 
3. 060 


H 

25699B. 
252963* 
213366. 
171524* 
127063. 
79615. 
26667, 
-26394. 
-66233. 
-151621. 
-2243G3. 
-305779. 
-419705, 
-463071 « 
-509760. 
-5605Q4. 
-565464, 
-366370* 


RHO 

*5578 

*5545 

.5236 

*4929 

.4617 

.4303 

• 3965 
.3664 

• 3340 

• 3011 

• 2677 

• 2336 

• 1923 
.1762 

• 1639 

• 1495 
. 1462 

• 1633 


U 

775.0 
774*4 

766.2 
761*7 
754.7 
747*1 

738.9 
729*6 
7|9*6 
708*6 

695.9 
681*2 
659.a 
651.4 

642.3 

632.1 

631.1 

431.1 


"jA DM* 7M>05Bl"o't ului oS 3.9057 AH 3?3D00 A5a5.25H5 

TMLTA • KC 4.03323+09 ETAHHO .76095 


overall performance 




STEAM PLANT 
EFFICIENCY 

*40 

USO 

*23037+1 0 

gsi 

*20166.09 

Q52 

• 1 1960.09 

DUi 

.17970.06 

ogo 

• 1 2566 + 06 

gs 

•264244 10 

PS 

. 10570+ 10 

PT 

•78535+09 

PC 

*28861+09 

PSE 

•77276+09 

PHHD 

. 1 1800+10- 

PSE+PHHO 

* 19526+10 

PAUA 

* 11592.08 

p 

*19412.10 

HR 

• 70895 + 04 


overall 

EFF iClENCT 


.4813 


• 41 

.23037»1D 

• 20166^09 

• 1 198 Q^D 9 
. 17970 * 0 B 
. 12996‘.08 
.26428^ 10 

• 10636«10 
.81238*09 

• 2866 U09 
. 79938+09 
« 11600+10 
. 1 9794. 10 

• I 199 1 + 08 
. 19674^10 
•699bl+0H 


,4678 


*42 

*23037+10 

. 20166+09 

• 1 1980 + 09 
♦ 17970+08 

• 1 3431+00 
. 26433+10 

• 11 102+10 
* 83942+09 
• 28881+09 
. 82599+09 
• 1 1800+10 
, 20060*10 
• 12390^06 
. 19936+10 
. 69031+04 


♦ 4943 


• 43 

.23037+10 
•2U166+09 
. i 1980+09 
,17970+08 
,13664+06 
•26437.10 

• 11368+10 
*86647+09 
*26681+09 
•85261+09 
*11600+10 
•2Q326+10 

• 12789 + 08 
•20198+10 
,66135.04 


• 5008 


HU ^ 
*2269 
*2263 
*2422 
,2579 
.2760 

• 2969 

• 3214 
*3505 
,3857 

• 4293 
*4846 
*5571 

• 6014 

• 7369 
.8027 
*6821 
*6903 
*7122 


S 

9163*3 

9163.7 
9166*6 
9169*7 
9173*1 

9176.9 
9161,0 
9185.6 
9190*8 
9196*8 
9203*6 
9212.3 
9225*1 
9230.2 

9235.9 
9242*3 

9242.8 
9258*6 


DATE 

022575 


PAGE 

N 

Hu*e 

K 

0 

*7291 

1*3613 

• 820 

6*00 

*7776 

1.3697 

• 819 

6,00 

.7760 

1*4529 

,814 

6.QQ 

• 7742 

1.5475 

• 8U9 

6 • uU 

.7722 

1 * 6S5G 

• 604 

6.00 

.7701 

1*7BU 

• goo 

6,00 

.7678 

1*9282 

.795 

6,00 

• 7655 

2*1030 

.790 

6*00 

.7629 

2*3144 

• 785 

6,00 

• 7570 

2*3715 

• 780 

5.52 

*7508 

2*4462 

.775 

5.05 

• 7444 

2.5544 

*770 

4.56 

.7366 

2.7540 

• 7 65 

4*04 

• 7335 

2.8358 

• 7 63 

3*65 

• 73U3 

2.9348 

*761 

3*66 

.7270 

3.0562 

,759 

3.46 

*7266 

3*0677 

• 759 

3*45 


. 44 

, 23037 . 10 **. 
.20166+09 

• 11980+09 
,17970+06 

• 14296.06 
*26441 + 10 ^ 
« 1 1634>*1U T- 
•69353+09 
*26881+09 
•67923+09 

• U600 + 10- 
.20592.10 

• Ul 09 *.Q 6 
. 20460^10 
,6/262.04 


• 5073 


.45 

,23037+10 

.20166+09 

• 1 1900 + 09 

• 1797U+06 
« 14730+06 
*26446+10 

• 11901+10 
•92060+09 
.26681+09 
.90567«09 

• 1 18Q0+10 
.20659+10 

• 13588+06 
*20723+10 
•66410+04 


• 5136 


.46 

.23037+10 

•2U166+Q9 

* 11960+09 
8 17970.08 

• 1S163 + 08 
•26450+10 
. 1216/+10 
,94766+09 
•28881+09 
.93251+09 
• 11800+10 
•21125+10 
.13988+06 
*20986+10 
*65579^04 


• 5203 


QFREE ILL6AET* 1 PLRCK275. 

QA5G.A ILL60RY* 1PERCK295, 

OUSE 4. , ILL6DRT. iPERCK295. 
yXOT HmOOUCT . AREC 1 RC I N JO* 


« The sorbent oxidizer produces some heat which can be 
used to generate steam, 

a To obtain an efficiency (or heat rate) based on the 
raw coal, the ratio of fuel gas heating value to coal 
heating value was multiplied by the ratio of product 
fuel gas to coal. 

9 Part of the heat addition to the combxistor is supplied 
by heating the fuel gas. In the calculation of fuel 
gas temperature, only sensible heat is considered 
(i.e., no dhange in composition of the fuel gas was 
considered) - 

Table 9.6 - Nomenclature for Additional Outputs for 
Open-'Cycle MHD with Integrated Gasifier 

AIR/FG = Ratio of flow rate of air to compressor to flow rate of fuel gas 

QFG = Sensible heat addition to fuel gas in fuel heater, J/kg 

TFUELGAS = Temperature of heated fuel gas, 

Since only one coal (bituminous) and one process air temperature 
672°K (750®F) were considered, most of the parameters (air/coal ratio, 
steam/ coal ratio, heat from the sorbent oxidizer, etc.) were built into 
the program as constants. 

9.3.3 Duct Program for Base Case 1 

The use of a carbonizer and a separately fired preheater also 
required program modifications. The additional output quantities (added 
to those used for Base Case 2) are defined in Table 9.8. Table 9.9 is 
the output for Base Case 1 and the listing of the program (CHRDUC2) is 
in Appendix A 9.7. 

The additional factors are accounted for in this program are 

that: 

e Part of the air preheat is provided by the gapor 

so that all of the heat added to the air is not recovered 
from the MHD exhaust product. 


Table 9.7 Output of DQHDUCT for Base Case 3 


UOW-QTU A «38 HpYsV' with* IS K 2 C 03 SECO 750 F AIR BLOftH 


Sir Si7h Hoisris omoant fuel aAS is supplied at 1600F 


PHI » 
RHRP 


RHA« t» 
RHRC • 


• 95 _ U 3700 Q >09 _TCOH 0 -..Z^ODaO. 

^'OdQ ftMOl ■ *000 

7R«32 


_P.CQH 6 ,.»_ 


iOtOOO. 


775^0IL 


s55gj l:i!oSo88"°i nSgl ; l:S!!?o 8:8! aRftP_s — s.^sazaorDZ. 


T 5 TACK « H« 250000*02 TFUELGAS a l• 6920 QQ ♦03 AlR/FG » 6 *AB 22 HD^ 0 I 


3*A07R90^0Q 


EFFlCIENCrtS 

DIFFUSER 

ROTaTIHU generator . 98‘*0 

OC/AC INVERTER •? 850 „ 


^^^^FRoS^COMBUSTeA^TO SU 0 POSED PLANT • 

MHD generator jrO_ 5 U 0 POSEO_PLANT ■„ 


• OSO 

f i o .o_ 


UJ 

UJ 


Pd 

••r) 


friction factor IN HHO DUCT « 
PAUX/PSE • •0150 

IPl-PC 0 MB)/PCOHB » * 0 BI 5 

PC/HAB » H. 7 *tMH*U 5 

OA/HAN • l, 32 HflO^U 6 

THETA ■ 5 * 59375^06 

PMHD « I . 37000-*09 

PE B |« 39 UB 6>*09 

QFG A.R 0377 *Q 7 


• 0 Q 5 O 


C ■ 

OK 

OB 

HG 

HG 

KG 


• 1000 
I «ai 57 
1 2*Q00Q 

l* 2509 H 3 ^Q 3 
I •370472^O3 
I •37**7‘*5«03 


AIR SIDE 


TOTAL PRESSURE TEMPERATURE 


COMPRESSOR INLET 

COMPRESSOR OUTLET lO.ftlSO 

AIR preheater exit 10*5000 


28 B. 3 Q 03 

S 9 U 2 & 6 B 

1892*5629 


GAS SIDE 

MHO DUCT inlet 

diffuser exit 
injector exit 

AIR preheater exit 

bottoming heat exch. exit 


TOTAL PRESSURE TEHPERATURF 


|D «0000 
1*1573 
I•I236 
I tOAOD 
1 *0000 


270 QoQOOO 

2169.0205 

2 I 4 H.Q 2 I 0 

1965.3923 

925.0000 




C H 


POINT , 


0 

1 

2 
3 
9 

5 

6 
7 
6 

9 

10 


GAS STATES^ 
P 


“t.ooa 

»9QU 

1 C.B 15 

10.500 

lO.OOQ 

6.730 

*921 

1*107 

1*129 

1.060 

1*000 


^ 2B0. 
288 . 
59U 
1693 . 
2700 . 
2072 * 
2078 . 
21 7 U. 
2199 . 
1 H 65 . 
925 . 


Tj- 

7 . 

190 . 

69 |« 

169535. 

-13U777. 

• li 1 1695* 
-993263* 
-09Q317. 

. 1990906 . 

-3233875. 


RHO 


-775 S 933- 
775.933 
775.933 
775.933 


1.2935 

910 T .9 

1379 . 

• 9199 

9101*9 

1 3 7 9 0 

• 1577 

9329.6 

1379 . 

. 1899 

9393*9 

1379 . 

.1070 

' 9323*5 ’ 

1956 . 

*2599 

8739* 1 

1956 . 

.0000 

• C 

1956 . 


ni 


ii- 
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Table 9.7 Continued 
“ ^ ' 6eHERAT0R“De5r6N 


1 POINT 

LENGTH 

D/04 

F 

^ T 

SIGHA 

H 

rho 

U 

HU ^ 

5 

ft 

MU«8 

K 

a 

400 

• OOO 

1 *000 

6*736 

2572* 

3*556 

-130777. 

• 9199 

775.0 

• 1393 

9161*9 

*6369 

*8358 

• 820 

6*00 

401 ■ 

‘ t *208 

1*019 

6*500 

2564* 

3*510 

■~-I49l93r 

JB907' 

77 1 * 6 

«T439 

9185*1 

• 6750 

• 8636 

* *816 ' 

£ *00 

402 

3*769 

1*061 

6*000 

2544. 

3*395 

-191577. 

• 6290 

763*9 

<1548 

9191*6 

• 4631 

*9291 

• 609 

6*00 

403 

6.403 

1*109 

5*500 

2523* 

3*261 

-237794. 

*7669 

755*6 

• 1676 

9198*4 

• 6900 

1 tOOSO 

• 601 

6*00 

404 

7*76b 

1*136 

5*250 

2511 * 

3.1S9 

-262596* 

.7 357 

_7Sl*l 

• 1749 

9201*9 

• 6930 

1.0493 

.777 

6*00 

40S 

9*153 

1.164 

5*0U0 

2479. 

3*115 

-268574*‘ 

.7043' 

746.4 

• 1620 

9205# 6 ^6 958 

1.0969 

*794 

6*00 

4Q6 

10*572 

1*195 

4*750 

24B7. 

3. 033 

-31586Q* 

.6729 

741*5 

*l9lb 

9209*3 

• 6903 

1.1492 

• 79q 

6*00 

407 

12*026 

1*229 

4*500 

2473. 

2.946 

-344618* 

.6412 

736*3 

«2012 

9213.3 

• 7005 

t«2Q7l 

• 766 

6*00 

400 

13*520 

1*265 

4*250 

2459* 

2*856 

-374940. 

• 6094 

730*6 

*2119 

9217.4 

• 7026 

1*2713 

• 762 

6*00 

409 

“15.061“ 

r*305“ 

4*000 

2444* 

2*761 

' -4069S4r 

.5774' 

724.9 

• 2239 

9221VS^ 

“~*"To44 

l«343l 

“•776 

~A.OO 

410 

16*655 

1*349. 

3.750 

2427* 

2*656 

-440659. 

• 5452 

718*7 

• 2373 

9226.4 

• 7Q6Q 

1*4240 

• 774 

6*00 

411 

16*314 

1*397 

3*500 

2410* 

2*550 

-476920. 

• 5127 

7l2«n 

• 2526 

9231*2 

• 7074 

1*5157 

• 771 

6*0U 

412 

20*045 

1*452 

3*250 

2392* 

2*436 

-51S40S* 

• 4801 

704*8 

• 2701 

9236*4 

•7086, 

1*6200 

• 767 

6*0U 

413 

2I«B66 

1.512 

'3.000 

2372* 

‘ 2*311 

-556668.' 

i4472‘ 

— ^697* r 

.2904 

9242*~0^ 

•7096 

1*7423 ■ 

‘ .763 ' 

6*00 

414 

23*793 

1*581 

2*750 

2350* 

2*1B3 

-601 156* 

*4140 

688*6 

• 3141 

9241*1 

• 7105 

1*8845 

• 759 

6.00 

415 

2S»6&1 

1*661 

2*500 

2326* 

2*039 

-649402* 

• 3805 

679*3 

■ 3422 

9254*6 

• Till 

2*0534 

• 755 

6.00 

416 

20*074 

1*753 

2*250 

2299* 

1*690 

-702195. 

• 3466 

669*0 

• 3762 

9261 *9 

_*7116. 

2.2S75_ 

• 752 

6*00 

417 

30*694 

1*063 

2*0U0 

2270* 

1*725 

-760160* 

• 3124 

657*5 

• 4182" 

9270* 1 

• 7056 

2*31 19 

‘.748 

5.53 

410 

34.122 

1*996 

1 *750 

2236. 

1*553 

•824332* 

*2776 

644.3 

• 4714 

9279*7 

• 6999 

2*3651 

■ 744 

5 • U6 

4«9 

30*764 

2*163 

1 *500 

2196* 

1*369 

-896361. 

.2423 

629.1 

• 5412 

9291*2 

.6937 

2*4871 

• 741 

4»6U 

420 

46.954 

2.429 

1*200 

2143* 

1.124 

-997038. 

* 1990 

_607*0 

• 6605 

930e*3_ 

• 6661 

2*6800 

• 7 3 6 

4*06 

421 

50*784 

2.543 

1*100 

2121 • 

1 *035 

*1035406* 

*1844 

596*2 

^ •7137“ 

9315*1 

*6029 

2*7590 

• 735 

3*67 

422 

55*422 

2*673 

1*000 

209a* 

.947 

-1076692* 

*1695 

SB8.6 

• 7769 

9322*7 

• 6798 

2*0548 

.733 

3*67 

S 

59*619 

2.791 

.921 

2070* 

• 664 

-1111645. 

*1S77 

seo«3 

• 6361 

9329*6 

• 6776 

2*9465 

• 732 

3*52 


HASSFLOffSt Generator ahea ‘ 

HG 4374#066 HA 77lt007 HAVS 77Si933 MGMS&6.5H4 MA* 31*677 
HC &B2*077 HCA &82,D77 HS U«QG2 MUC *0QG HWS «000 
iSL ♦ OMI • Oil 164*33671 ^,4 1*3006 OS 3*fi7S9 A S _ I * 9203_A5 1 5 • 0?25_ 
TH£Ta o HC 3*B04a4409 ETAMHD *71436 


OVERALL PERFORHANCE 


steah plant 

EFFICIENCY 

• HO 

• 41 

• 42 

• 43 


• 45 

• 46 

QSO 

■ 194394 10 

• 19439^10 

•19439^10 

• 19439*10 

• I9H39^10 

•19439+10 

•19439+10 

QSl 

a 19 o24-*09 

• 19024*Q9 

• |9024«09 

.19024*09 

*|?024*>09 .. 

•.I90Z4 + D9 

• 19024*09 

052 

• 139U9^09 

* 13909^Q9 

■ 13909^Q9 

* 13909*09 

• 139Q9*o9 

*13909*09 

•13909*09 

OR I 

■20063^08 

•20863«0a 

«20863«00 

*20863*08 

•20863^08 

•20663*08 

•20863*08 

ORG 

•901 13^07 

*93B6H^07 

*97617*07 

• 10137*08 

• t05l3^08 

•|QBG6*06 

« 11264*08 

OS 

. 22916^10 

*2292Q^iD 

.2292H^IQ 

•22927*10 

«2293I#10 

•22935*10 

•22939+10 

PS 

*7U65+D9 

♦93972*09 

.962eo*09 

.98580*09 

.10D90^10 ““ 

.10321*10 ■ ’ 

*10552+10 

PT 

.S6321^D9 

•5B665^a9 

•61010^09 

•63356*09 

•657D3«09 

•66051*09 

.70399*09 

PC 

•3683S«09 

*36835^09 

•3683S^09 

.36035*09 

*3663S*q9 

*36835*09 

•36835*09 

PSE 

*55420«09 

*57727^09 

•60D3N409 

.62343*09 

•64652*09 

•66962*09 

.69273*09 

PMHD 

*13700**10 

• I3700>10 

•13700*10 

.13700*10 

.13700*10““' 

13700 + 10 ‘ 

*13700*10 

PSE^PrtHO 

*19242**|0 

• 19473910 

• 19703^ 10 

.19934*10 

•20165*10 

.20396+10 

•20627*10 

PAUA 

•631 30^07 

•86590907 

.90051 *07 

•93514^07 

.96978*07 

.10044+08 

*10391*08 

P 

•191 I6«i0 

• 19343<-10 

* 19570^10 

•19798^10 

■20025*10 

*20253+10 

•20460*10 

HR 

i67917*04 

• 67117<<04 

•66339*04 

«65577*D4 

'.64B3Z*04'^ 

*64104 + 04 ■ ■ 

■■*63392*04 

OVERALL 

EFFICIENCY 

.5024 

• 5064 

• 5144 

• 5203 

*5263 

■ 5323 



3USC 4* « 1LL6GAS0 1PEROC29S* 


9XQ7 HHOOUCT*OUCABS 







^ After providing the air preheat, there ie still heat 
remaining in the products of combustion of the gapor 
which is used to preheat its combustion air and 
generate steam. 

0 There is additional heat input to the cycle (over 
and above that in the dry ash free combustible) in 
the form of gapor. This must be included In the 
calculation of efficiency or heat rate. 

e Power is required to recirculate gapor products to 
limit flame temperatures to desirable values. This 
is discussed in Appendix A 9.5. 

Table 9.8 - Nomenclature for Additional Outputs for Open-Cycle 
IW) with Carbonizer and Separately Fired Air Heater 


HEXH » Specific enthalpy of products of combustion of gapor and air 
leaving separately fired air heater > J/kg 

RMAMG - Ratio of combustion air for gapor to gapor flow rate 

RMGMC » Ratio of gapor flow rate to ash free char flow rate 

TAP - Preheat temperature of gapor combustion air ^ °K 

TCR « Temperature of air to be heated at entrance to separately fired 
air preheater ^ 


In addition to the changes in the program, a considerable 
amount of hand calculations were necessary to calculate: 

o The temperature rise of the preheat stream for a 

given value of gapor combustion air preheat and tem- 
perature of the products leaving the separately 
fired air heaters. This involved iteration since the 
required ratio of recycled products (RMRP) changed 
when the temperature changed. 
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Table 9.9 Output of CHRDUC2 for Base Case 1 


CHAR PRODUCED BT C ARBON I ZA T 1 OK OF ILL 
OXIDANT IS AIR ttlTH 0*A39« HOlSTjRE 


«6 COAL, IS POTASStUH SEED 

HHV FROM JRH-CHAR 


I'Hl m ,9b 

HHRP -« " - 7300 


PTOT • 2*0Q000-^09 

RhOX m 


• 000 


TCOHfl « 


2700*0 


PCDHB » 6*000 


uo 


AIH H£AYH*rt£CIrlC*«ATIO»iUa700 RATIO Of COAL TO CHAR HEAT 


RhAA « 6,lQS9>t2-- 

KH«iC M •ODOODO 


01 


' RHC • 
RHAS e 


6.353927-02 

' .000000 


RHS 

RHC» 


VALUE* l.2R^3 

1.236653-02 

6.353927-02 


C 

— 


I6.Q3 B 

5.526298.00 


•9979 KA ■ .9861 

TCSTACKla 9.25000D^02 


RMGMC * 5.129000-01 

HG 1.9^9161.03 


RHAHG * 5.536930^/00 


JLT PUHP tFFiciEHCTo •ISODOO 


HHVOAF ■ 1 .363 U 6 *011 


HEXH a -i.268000^06 


RHAP * 


Tap* 


efficiencies 

diffuser — 

rotating generator 

OC/AC INVERTER 


• ooso 

• 9BN0 
.9350 


HEAT TRAUSFER RATIO ^ 

FROrt COM0USTER TO SUgPOSEO PLANT * 
HHO <iENERATOr? TO SUBPOSEO PLANT a 


.050 

.100 


775.00 


9.3R933I-02 


I •5a0000«'03 


rcR ** 1.5d0000«03 


\D 

u» 

ON 


friction Factor in mho duct 

PAUA/PSE a .0150 
1 P l-PCOHe ) /PCOMB n .0315 
PC/HKH m 3.i)B060*05 

gj/HAR a U707RS.06 

THETA a 3. 94528.07 

PNHU a 1. 16753*09 

PE ^ 1 il853i.O«' 


.0050 


t a 

DA a 

00 a 

AIR side 


.1000 

.0208 

2.U00P 


Total pressure temperature 


COHPRESSQir INLET 

COfJPRtSSOfl OUTLET 
AIR PREHEATER EXIT 

oas side 


• 9800 
6.4390 
6.3Q00 


327.2S14 

559.4366 

1805.32^1 


TOTAL PRESSURE TCHPERaTURE 


hho duct Inlet 6.qooo 

diffuser EXIT^ 1.1573 

I NJECTOR“E jrn U i 236 

^iJ^PR^HEATEB EXIT I.OaOCI 

UOTTOHIng heat EXCM. exit l.OOJO 


27O0.GO0O 

2267.0684 

2242.3478 

1610.4935 

425.0000 



GAS STATES 

-vovrTo F 1 >r 


I .000 

208. 

7. 

“ .900 

327. 

” * -549, 

6.489 

559. 

-401 . 

a* 300 

18S5, 

619. 

6.000 

2700. 

664394. 

3.987 

- 2568. 

364002. 

• 88 1 

2157. 

-437137. 

1*157 

2267. 

-235327. 

1 • 124 

2242. 

-215122. 

1.060 

1610. 

-122a290« 

1.000 

425. 

-2666197. 


RmO ‘ S H 


• 0067 
.5670 
.1510 
.1863 
. IS36 

• 2433 

• 0000 


8951.7 

8951.7 
9029.4 

9045.3 

9130.4 
8611.9 

.0 


896.443 
896.443 
1331.191 
1331.191 
1449.161 
1449.161 
1449. 161 
1449.161 
1584.648 
1584.648 
1584.648 
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Table 9.9 Continued 


SlMertitoR' oeSla^J 


POINT 

LENGTH 

0/09 

F 

900 

• OQO 

1 .000 

3.987 

901 

. 6S8 

1.031 

3 • 750 

902 

1*379 

1.U67 

3*500 

903 

2.116 

1 0 106 

3.250 

909 

2.691 

1.153 

3.000 

905' ' 

" 3*706 

1.209 

2.750 

906 

9.67 1 

1«263 

2.500 

907 

5.999 

1.332 

2.250 

903 

6.592 

1*913 

2*000 

909 

— 3.022 

T .512 

' 1*750 

9 1 0 

9.960 

1 . 639 

1*500 

91 1 

13.926 

1 .630 

U200 

9 12 

15.062 

1.912 

1 * lUO 

91 3 ~ 

17.057 

2.007 

1*000 

919 

19.533 

2.117 

• 9oO 

5 

Z0.0B6 

2.190 

• osr 


T 

sigma 

H 

2566* 

7.599 

369002* 

2552* 

7.303 

326699. 

2532* 

6.956 

287685. 

2512. 

6*596 

299121* 

2990. 

6«22Q 

197636* 

2966* 

' 5»B23 

I977SQ* 

2990* 

5*906 

93907. 

2911* 

9.969 

35959. 

2379. 

9.505 

•26593. 

2393* 

9*016 

-99912. 

2301 « 

3.993 

*•176899. 

2291 * 

2.615 

-269935. 

2216* 

2*572 

-332165. 

2192* ~ 

2.325 

-377662* 

2163* 

2*Qa6 

-927025* 

2157. 

2*015 

-937137. 


8»..,H3 HS..SS..6.B HJ. .35.Haj 


U 

77Sm3 

7fci«Q 
796t2 
7*i0«a 
7<io*a 
732*0 
722*2 
7|i*H 
""099*0 
669*8 
66H*1 
6&6 *U 
** 697*2 
637*3 
63S * 3 


U . oAPi SS" 6 l:H 3 f?H" 5 H j:au. OS 3.8865 *4 3:5780 * 515.1047 
THETA • HC 3«9ja63^09 ETAHHO *76125 

OVERALL PERFORMANCE 


S 

0951*7 
^ 0959*8 
0957*a 
B96|«l 
8969*7 
~ 8966*6 
6973*1 
8976*1 
6963*8 
6990*7 
6996*9 
9011*9 
9016*3 
9021*9 
9028* I 
9029*9 


N 


A 

a 

*7315 

1 . 9 Jfc 7 

•830 

8.-00 

J 7798 

1 . 5830 

• 8 15 

6«00 

• 7776 

1 .6675 

«gio 

6«00 

• 7753 

1 .0065 

• 805 

6 «Q 0 

• 7728 

1.9999 

• 800 

6*00 ^ 

, ^ 7702 “ 

“* 2«1040 

“*795 

6 . 0 D” 

• 7675 

2*2963 

• 790 

6«00 

*7697 

2*5312 

*765 

6*00 

i *7566 

2*5959 

• 760 . 

5*52 

^ T 7523 ‘ 

"‘’ 2^6813 

— T 775 — 5.05 


2*7999 

3*0221 

3*1133 


i770 9*56 

*765 9*09 

•763 3*65 


‘*3.2231 J76i- -3 

3*33B| *759 3 


761" ‘3*65“ 
759 3*96 

75B 3*>92. 


5 TEAR- PUNT 
EFFlCIENCr 
QSO 
QSl 

QS2 

OQi 

ogG 

05 

PS — " ■ 

PT 

PC 

P5E 

“ ^PMHO 

PSE^PHHD 

PAUA 

P 

hr — “ — 


• 90 

• 22B17'^10 
•19593»09 
•I IB53»09 

• 17S13*08 

• 12Q99^0B 

• 26| 26« 1 □ 
I09bl ♦ 10 

•75272^D9 
*3Q933*09 
• 79O60*O9 
"• n 6/5* 10 

• I90e2« 10 

• I 1 1 lQ-*08 

• 1697 I ♦lO 
"*7D98l*09 


*9l 

• 22Bl7«^10 

• 19S93*09 

• I 1863*09 

• 1 7513^08 

• 1297l^Qfl 

• 26l3l« iO 
♦I0719^IO 
#77995»Q9 
. 30933*09 

• 76696«>09 
.I167£>10 
•19395^10 
•I 1505^06 
• 19230^10 
•69S32^09 


• 92 

•226l7«t0 

*I9593*09 

• 1IB53«09 
• 17513^Q8 

• 12899*08 
.26 135^10 

• 109774-10 
*e06l9^09 
.30933^09 
.79329*09 
.11675*10 

• 19606*10 

• 1 1899*06 
.19969*10 
.68607*09 


.93 

.22617*10 
.19593*09 
•11653*09 
.17513*08 
.13327*08 
.26139*10 
''•11290*10 
.83293*09 
.30933*09 
.61960*09 
.11675*10 
.19871*10 
#12299*00 
.19796*10 
- .67707*09 


99 

*22817*10 
. 19593*Q9 
•11853*09 
•17S13*q8 
•13755^08 

.26193*10 
*11503*10 
•65969^09 
.30933*09 
•89593*09 
•11675*10 
*20135*10 
• 12669*06 
•20006*10 
- .66629*09 


.95 

•22617*10 
•19593*09 
•11653*09 
. J75I3*06 
•19163*06 
.26196*10 
— el 1766*1Q- 
•66695*09 
. 30933*09 
•67227*09 
•II67S*|Q 
•20390*10 
•13069*06 
.20267*10 
V6S979*09- 


•l26|7*10 
•19593*09 
‘•11653*09 ^ 
•17513*06 
• 19612*06 
•26152*10 
■'•12030*10 
•91322*09 
•30933*09 
•69661*09 
' .11675*10 
•20661*10 
•13979*08 
•20527*10 
-ii85r90*09' 


OVERALL 
EFF IC lENCT 



• The enthalpy of the products leaving the separately 
fired air heater (HEXH), 

• The quantity of gapor products to be recirculated to 
limit the flame temperature to desirable values# 

These hand calculations are described in Appendix 

A 9.8# 

9. 3. A Modifications to Duct Program Calculations 

To meet the time schedule of the project, equipment calcula- 
tions were made in parallel with the thermodynamic calculations of the 
duct program. As a result, the energy and material requirements of these 
are not included in the duct program outputs but are accounted for in 
the overall economic program as auxiliary powers or additional fuel 
inputs - 

The major external energy consumer is the seed treatment plant 
(Appendix A 9.1). For Base Cases 1 and 2 and their variations the 
potassium seed is used to remove sulfur. It is necessary, therefore, 
to convert enough of the collected potassium sulfate to potassium 
carbonate to react v»ith the sulfur from the fuel. This is a complex 
chemical engineering problem which requires power and fuel input and 
returns some fuel to the plant. An adjustment to the coal flow calculated 
from the duct program is made in terms of an equivalent coal flow and 
auxiliary power required by the seed treatment plant. 

The precipitators used in all cases also require some power 
input which is subtracted from the power output calculated by the duct 
program. Other powers required by auxiliary equipment (such as cooling 
towers or coal crushers) are subjected in the overall economic program. 


9.4 Results of Parametric Study 

As in the discussion of parametric points to be investigated, 
the results will be discussed in order of increasing cycle complexity 
(i.e.. Base Cases 2, 3, and 1). 
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9A^1 Base Case 2 and Variaflons 


The detailed accounts listing, the cost of electricity summary, 
and the input-output sheet for Base Case 2 are included as Tables 9.10, 
9.11, and 9.12, respectively. Table 9.10 shows that 66.3% of the direct 
cost of the plant lies in Accounts 11, 12, 13, and 15. The MHD drct 
direct cost (Subaccounts 11.1 to 11.4) was calculated to be about 
$1,486,000, which is small compared to the cost of the superconducting 
magnet (about $7,800,000); and steam turbine-driven compressor 
($16,975,000); the steam turbine generator ($27,570,000); heat recovery 
steam generator ($58,518,000); the inverter-filter system ($65,020,000); 
the seed treatment plant ($27,830,000); and the air heaters and stoves 
($147,110,000). With the exception of the steam turbine-generator and 
steam turbine— compressor , and the possible exception of the inverter 
system, the remaining items are unproved for this duty or have never been 
built. For the purpose of this study they have been assumed to be fully 
developed and to have the required 30-year life. The conceptual design 
and sizing of these subsystems in the appendices of this section have 
resulted in material requiremen descriptions for each of these components. 
Direct costs were generated from these descriptions. 

Table 9.11 shows the importance of the field labor rate, the 
contingency allowance, the escalation rate, the rate of interest during 
construction, the fixed charge rate, the fuel cost, and the capacity 
factor on the cost of electricity. For a capital intensive plant such 
as this the importance of the capacity factor is clear, as is the need 
to base load the plant. 

Table 9.12 shows the additional auxiliary power which was 
deducted from the nominal power of the station to arrive at the net 
station power (in this case 55.39 We or 3.28% of the nominal station 
power) . 

The fuel for the base case is bituminous coal with 13% moisture 
(as received). The subtitle "Points'* in the listing titled "Gas States" 
at the bottom of Table 9.5 refers to the number on the schematic diagram 
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Table 9.10 3C NO 2 OPIN CYCL£ HH3-STEAH 30TTOHIN5 ACCOUNT LISTING 

PARAMETRIC POINT NO. 1 


ACCOUNT NO. S P<ANE» 


AMOUNT MAT 4/UNIT iNS S/UNIT HAT C0ST»4 INS COST,$ 


SITE OEvELOPHINT 

1- 1 land cost acre 21 

1. 2 CLEARING LAND ACRE 1 

1 * 3 grading land acre 22 

1. ACCESS RAILROAD MILE 

1. 5 LOOP railroad TRACK HiLE 

1. S SIDING R R TRACK MILE 

1. 7 OTHER SITE COSTS ACRE 

PERCENT TOTAL DIRECT COST IN ^CCOUNT 


lODD.OO 

.DQ 

.00 

115000.30 

120000.00 

12SD00.00 

.00 


.00 

soo.oo 

3000.00 

110000.00 

70C00.Q0 

aOQQO.OO 

.00 


►G33 ACCOUNT TOTAL»S 


232000.00 
.00 
.00 

575000.00 

360000.00 

.00 

479082.76 

1646082.75 


excavation 8 PILING 

2. 1 COMMON EXCAVATION Y03 20D1DO.O 

2. 2 PILING FT S33S0Q.0 

PERCENT TOTAL DIRECT COST IN ACCOUNT 2 = 


.00 3.00 .00 60r3DQ.00 

, 8*S0 3468400.00 4535600.00 

1.430 account TOTALoS 3468400.00 5135900.00 


plant Island concrete 

3. 1 PLANT IS. COnCRET: Y03 66703.0 

3. 2 SPECIAL STRUCTURES YD3 .0 

PERCENT TOTAL DIRECT COST IN ACCOUNT 3 = 


70.30 BO.QQ 4669000.00 5336000.00 

.00 .00 .00 .00 

1.662 ACCOUNT TOTAL«$ 4669000.00 53360DO.OQ 


HEAT REJECTION SYSTEM 
4. 1 COOLING TOWERS EACH 28.0 

4. 2 CIRCULATING H70 SYS EACH 1.0 

4. 3 SURFACE COHDEN ER FT2 673513.8 

PERCENT TOTAL DIRECT COST IN ACCOUNT 4 = 


.00 .00 4298000.00 21420DU.00 

.00 .00 1845746.97 2474913.41 

. •SS.. ^ . *00 3051513.50 471459.69 

2.373 ACCOUNT T0TAL*$ 9195260.37 5088373.06 


STRUCTURAL FEATURES 
S. 1 STAT. STRUCTURAL ST. TON 33 

5. 2 SILOS 6 3UNXERS TPH 6 

5. 3 CHIMNEY FT 4 

5.^4 STRUCTURAL ‘EATURIS EACH 

PERCENT TOTAL DIRECT COST IN ACCOUNT 


2177500.00 506250.00 

637.9 18DD.00 750.00 1148177.50 473407.30 

^ 435070.92 652606.38 

^231000.00 986000.00 231000.00 

NT 5 = 1.109 ACCOUNT TOTAL»$ 4726748.37 1948263.67 


buildings 

6. 1 STATION BUILDINGS =-13 8375000.2 

6. 2 AOHINSTRATION FT2 15DDD.0 

6. 3 WAREHOUSE 8 SHO® ^J2 24000.0 

PERCENT TOTAL DIRECT COST IN ACCOUNT 6 = 


.16 .16 

16. OC 14.00 

12.00 8.00 

.600 account T0TAL»S 


1340000.00 

240000.00 

288000.00 

1868000.00 


134OO0D.OO 

21OODO.Q0 

192000.00 

1742D00.D0 


FUEL handling S STORAGE 
7. 1 COAL HANOLINS SYS 


7. 1 COAL HANOLINS SYS TP.H 672.9 

7- 2 DOLOMITE HAND. SYS TPH 18.5 

7. 3 FUEL OIL HAND. SYS SAL 2SOODOO.D 

PERCENT TOTAL DIRECT COST IN ACCOUNT 7 = 


•UO .00 11380123.37 4772939.94 

• DO .00 350391 ,39 222750.91 

* •OO 230836., 01 227826.41 

2.965 ACCOUNT ToTALrS 12621350.75 5223517.19 


FUEL PROCESSING 

8. 1 coal ORYER 8 CRUSHER TPH 637.9 

8. 2 CARBOMIZERS TPH .0 

8. 3 GASIFIERS TPH .0 

PERCENT TOTAL DIRECT COST IN ACCOUNT 8 = 


.00 .00 1961329,23 

«0C .00 .00 

.90 .00 .00 

.543 ACCOUNT TOTAL*S 1961329.23 



j 


Tt?-6 





Table 9«I0 
Continued 
ACCOUNT N0« 


3C NO 2 OPEN CYCLE HHD-STEAM BOTTDHING ACCOUNT LISTING 
PARAMETRIC point NQ«. 1 


S NAME* 


amount mat S/unit ins s/umit hat costas ins cosTfS 


HEAT RECOVERY HEAT EXCH. 


13. 1 

ceramic tubing 

KP 

635.0 

13. 2 

EXOTIC HETAL TU3HS 

KP 

5313.0 

13. 3 

stainless steel TUBES 

KP 

.6293.0 

13. 4 

TUBE CERAMIC 30ATIN3 

KP 

157.0 

13. 5 

INSULATION FOR REGEN 

KP 

4086.0 

13. 6 

structural STEEL 

KP 

190.0 

13. 7 

CQHT steel regen 

KP 

1938.0 

13. 8 

CHECKER BRICKS 

KP 

.0 

13. 5 

INSULATION SFA HEATER 

KP 

.0 

13.10 

COHT ST SFA HEATER 

KP 

.0 

13.11 

STRU ST SFA HEATER 

KP 

.0 


13.12 BURNER SFA HEATER EACH .0 

13.13 HIGH TEMP VAtyES EACH .0 

13-14 preheater air PIPING TON .0 

13*15 FUEL gas PIPING TON .0 

13.1S COHB AIR PIPING TON .0 

13.17 RECIRC AIR PIPING TON .C 

13.18 PRODUCTS PIPING TON .0 

13.19 RECIRC ASPIRATOR TON .0 

15*20 headers ^ KP ^45.0 

13.21 SEALS EACH J^gO-D 

13-22 CONCRETE YD3 1903.0 

13.23 EXPANSION JOINTS EACH ^ 1.0 

PERCENT TOTAL DIRECT COST IN ACCOUNT 13 =24, 


0640.00 

11316.00 

3000.00 

585.60 

230.40 

564.00 

420.00 

225.60 

230. 40 

420.00 

564.00 
.00 
• 00 
.00 
.00 
• 00 
.CO 
.00 
.00 

912.00 

20.40 
64.30 

48000.00 

.442 ACCOUNT 


1020.00 

6720.00 

1600.00 

513.60 
180.00 
187.20 

190.60 
180.00 
180.00 
190.80 
187.20 

.00 
.00 
• 00 
.00 
.00 
.00 
.00 
.00 
2135.00 
40.80 
9S.G0 
12DDG.G0 
TOTAL 


5486400.00 

S574596D.0D 

ia8790DO.OO 

91339.20 

941414.4Q 

107160.00 
8139GD.00 

.00 
.00 
• 00 
.00 
• 00 
.00 
.00 
• 00 
.00 
• 00 

• 00 

588240.00 

146880.00 

159852.00 
4S00D.0D 

33003304.00 


647700 .00 

39043200.00 

11327400.00 
8D635.2D 

73548D.D0 

36568.00 

369770 .40 
•OD 
.00 
• 00 
•DO 
.00 
.00 
.00 
.00 
.00 
.00 

•GO 

1377720.00 

2S3760.D0 

182688.DQ 

1200G.G0 

54105920.00 


i- 

5l§iS"El“A[lZEB 

GPK 

368.9 

20CD.Q0 



KUE 

IN 


.458 account 


POWER CONDITIONING 
15. 1 INVERTER SYSTEM 

KWE 

1130000,0 

43.9D 

— 

15- 2 filters 

KKE 

118O0G0.D 

6.00 


IS. 3 STD TRANSFORMERS 

KUE 

1073966.7 

.00 


PERCENT TOTAL DIRECT COST 

IN 

ACCOUNT 15 =11 

.112 ACCOUNT 


737872.68 206604.35 


5.37 3074QDD0.5Q 
.73 7080000.06 

.00 1828159.62 


6342500.Q6 

8555QD.GX 

36563.19 

7234563.25 


AUXILIARY KECH EQUIPMENT 

16. 1 BOILER FEED PUMP 8DR.KME 1109125.' 

16. 2 OTHER PUMPS KWE 977882.1 

15. 3 HISC SERVICE SYS KWE 19SS76S.I 

16. 4 auxiliary BOILER PPH 48DD00.I 

PERCENT TOTAL DIRECT COST IN ACCOUNT 16 


1109125.0 

1.67 

•10 

1852238.72 

977882.5 

.88 

.12 

660536.60 

135 57 85. Q 

1.17 

•73 

2286245.03 

480000.0 

4.00 

•80 

1920000.00 

ICOUNT 16 = 

1.489 ACCOUNT 

TOTAL 

8921020.31 


110912.50 

117345.90 

1427708.44 

384000.00 

2039366.81 


^IPE S FITTIN5S ^ ^ 
17. 1 CONVENTIONAL PIPING TON 3BDD.C 
17. 2 HIGT TEMP AIR PIPIN3 TON 3393.0 

17. 3 LOW TEMP AlR PIPING TON 107.0 

^?ERSeHT*^TOTAL'’8!^8ic?^c8st In^ACCOUNT 1^°: 


J, i 9 J, M un V I •VWfT /II- ■ U 

17. 2 HIGT TEMP AIR PIPIN3 TON 


3000. DO 18Q0.00 11400000.00 B84CDQD.00 

450.00 225.00 15Z9100.0D 764550.00 

1200.00 8GO.OO 128400.00 85600.00 

1200.00 600.00 .00 .00 

3.447 ACCOUNT TOTALtS 13057500.00 76SC150.D0 


REPRODUClBILiri' 0 ? HIE 


Table 9,10 
Concinued 
ACCOUNT NO. 


3C NO 2 OPEN CYCLE H-iD-STEAH 9OTT0MIH3 

parametric point wo. 1 


a HAHZt 


UNIT 


AMOUNT HAT S/UMIT 


ACCOUNT LISTING 

rss 5/UHIT MAT COST,$ IHS COSTiS 


AUXILIARY SLEC EQUIPMENT 

i y5!?cSg|A"§"a'"S?= PAN K«| 
3 C0NDUXTfCA8LE5»TRAYS FT 
Pk ISOLATED PMASE,.3US FT 


IB 

IB 

IS 

18 


15 B 4 G 12.0 

15E4B12.0 

G^TGQDO.O 

57D»0 

1SS5765.Q 


1 .*I 0 
1.35 
1.32 
SIO.OQ 
• 35 


•45 
1.36 
45Q«00 
•43 


213D456»78 

3050333.34 

0548319.87 

230700.00 

B84517.75 


2&59S4.04 

704075.33 

8807353.87 

25G500.00 

840378.35 


PERCE NT^TOTAL OIReSt^'cDST IH%CC0UNT®18°= 4. 250 ACCOUNT TOTAL?$ 14754387:75 1087483B:iZ 


CONTROLf INSTRUMENTATION 

13. 1 COMPUTER ^ WCH 1.0 

ll. Z OTHER CONTROLS EACH ^ 1-0 

^PERCENT TOTAL DIRECT COST IN ACCOUNT 13 = 


E50Q00.CG X5DDD.00 
129DD0D.00 774000.00 

Us5 ACCOUNT TOTAL*® 


65D000.00 

12S0DDQ.00 

1350000.00 


150DQ.0D 

774000.00 

783000.00 


PROCESS HASTE SYSTEMS 
20. 1 30TTOH ASH 
20. 2 DRY ash 
20. 3 WET SLURRY , 
20. 4 ONSITE DISPOSAL 
7 0. _5 _SEE D .1? E A IHENT 


TPH 

TPH 

TPH 

ACRE 

EACH 


51.7 
12.3 
.0 
281.4 
1.0 


4314704.87 

833053.76 

.00 

5456.33 

ia546100.00 


1228675.22 
224763.44 
.00 
3594.00 


4914704.87 

B9S053o76 

.DD 

1816733.41 


S183B93.B7 XBS4610D.0D 


1223B7B.22 

224763-44 

.00 

2633638.44 

9I83B99.B7 


?ERlE§l“To"T'At*J5l”ElT COST^'lS^CCOUKT AL.?' Ml7l532.00 I333G377.67 


STACK gas CLEANIHE 

21. 1 PRECIPITATOR lACJ 

21. 2 SCRUBBER . „ 

^HrCEHT^TOTAL^DIRECT“cDST in ACCOUNT 


1.7 BSBOOBOD.BB 3SQDBDD.Q0 25900000.00 
n 3u 7.05 .00 

iTo 4^50DD0:00 *00 4250000.00 

21 r 5.597 ACCOUNT TOTAL?® 301500D0.DD 


354DQQD.Q0 

.00 

.00 

354COOO.GO 


TOTAL DIRECT COSTS*® 


440S77208.00 


1 €0924870 .00 




Table 9.11 

BC NO 2 OPEN CYCLE HHD-STEAH EOTTOHINf COST OF ELECTRICITY»HILLS/KW*HR 
PilRAHETRIC POINT NO. 1 


TOTAL Q IRE CT COSTS^S 
indirect COSTfS 
PROF 8 owner CDSTSfS 
CONTINGENCY COSTfS 
SUB TOTAL* S 
escalation COSTfS 
INTREST DURIN5 CONSTrS 
TOTAL capitalization fS 

COST OF elec-capital 
cost of el EC- fuel 

COST OF ELEC-OP 8 MAIN 
TOTAL COST OF ELEC 


RATE* 

PERCENT G.CO 
.0 53?a6675S. 

51.0 i|E455GG9. 

3.0 32565349. 

10.0 53206675. 

.0 S74294432. 

6.5 202104614. 

10. Q 249027093. 
.0 112542B128- 

13.0 17.34833 

.0 B. 19012 

.0 .84737 

.0 24.86582 


LABOR RATE* S/HR 


8.50 

570020723. 

G5812198. 

45601653. 

57002072. 

738436640. 

2213298C2. 


10.80 

6Q1902072. 

82071682. 

48X52165. 

6DX9Q206. 

792316112. 

237478962. 


27271S784. 292614284. 
1232482224 .1322409344 . 
19.54615 20.97232 

6.19012 6.19012 

.84737 .34737 

26.58364 28.00981 


15.D0 21 .5r 

6G07D1072. 767381424. 
116139172. 166466148. 
53438085. 6X33D513* 

668701D6. 76738142. 

905206424.1071976216. 
271315296. 3213DC79B. 
33430637G. 395896976. 
1510828080 .1789173984 . 
23.96048 28.37482 

6.19012 6.19012 

.84737 .84737 

30.33798 35.41231 


total direct costs fS 

INDIRECT COSTfS 
PROF^g OWNER COSTS *5 
CONTtNGEHCT COSTfS 
SUB total f 5 
ESCALATION COSTfS 
INTREST DURING CONST fS 
total CAPXTALIZATIONrS 
COST OF ELEC-CAPITAL 
COST OF ELED-FOEL 
COST OF ELEC-DP 8 MAIN 
total COST OF ELEC 


RATE* 

PERCENT -5.09 
.0 6Q1902B 

51.0 820718 


CONTINGENCY* PERCENT 


601902072. 6ri902D72- 
82071882. 32071682. 


4B152165. 

-3009S103. 


4S15Z165. 

0 . 


lO.OQ 

601902D7Z. 

82071682. 

48152165. 

GOiaaZDB. 


5.00 20.00 

GC190Z072. 6C19Q2072. 
820716B2. 82071682. 

48152165. 48152165. 

3D0951D3. 1203B0413. 


7D203D816. 732125912. 792316112. 762221008. 852506320. 
210417972. 219438300. 237478962. 22B45B630. 255513624. 


281499708. 314B43436. 


10.0 253270564. 270385138. 292614284. 281499708. 314B43436. 
-0 1171719344.1221949344.1322409344.1272179328.1422859360. 

18.0 18.58250 13.37310 20.97232 2G.I7571 22.56553 

.0 6.19012 6.19012 6.19Q12 6.13012 S.19012 

.0 .84737 .84737 .84737 .84737 .84737 

•0 25.82000 26.41660 28.00981 27.21321 23.60303 


TOTAL DIRECT COSTSrS 
INDIRECT COSTfS 
PROF 8 OWNER COSTStS 
CONTINGENCY COSTfS 
SUB TOTALfS 
ESCALATION COSTfS 
INTREST DURING CONST t$ 
TOTAL CAPITALIZATION fS 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP 8 HAIH 
TOTAL COST OF ELEC 


RATEf 

PERCENT 


ESCALATION RATE* PERCENT 
5.QG 6.50 ^lD-00,^ 

501902972. 601902072. 631302072. 601902072. 631302072. 


82071682. 92D71GS2. 

481S21GS. 481521G5. 

60190206. 60190206. 

732316112. 792316112. 
177805296. 237478962. 
278389G80. 292G14284. 


82071682. 

48152185. 

60130206. 


82071682. 

48152165. 

6019DZDG. 


8ZD71682. 

48152165. 

60130206. 


792316112. 73231B11Z. 792315112. 


.0 177805296. 237478962. 3DD304G88. 389211164. 0. 

10.0 278389680. 292G14284. 307450504. 328219632. 235133662. 

.0 1248511088.1322409344.1400071236.1509746896.1027449768. 

19.0 19.80035 20.97232 22.20337 23.94334 16.29450 

.0 6.19D1Z 6.19C12 6.13D12 6.19012 6.19012 

.0 .84737 .84737 .84737 .84737 .84737 

.0 26.83785 28.00981 29.24147 30.38083 23.33200 


TOTAL OIRECT COSTS tS 
INDIRECT COSTfS 
PROF 8 OWNER COSTStS 
'CONTINBEHCY COSTfS 
SUB TOTALfS 
ESCALATION COSTfS 
INTREST DURING CONSTfS 
TOTAL CAPITALIZATIONf S 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP 6 HAIN 
TOTAL COST OF ELEC 


RATE# 

PERCENT 


INT DURING CONSTfPERCENT 
6.03 8.00 10.00 12.50 15.00 

6D1902P72. 6C1902072. 6019C2Q72. 6C19D2072. 601302072, 


92071S82. 

48152165. 

60190206. 


PZ071G82. 

48152165. 

60190206. 


B2071682. 
4 81 521 GS. 
60190206. 


732316112. 792316112. 792316X12, 


82071532. 
48152165 • 
60190208. 
732316112 . 


82071682. 

48152165. 

601902Q6. 

732316112. 


B.S 237478962. 237478362. 237478962. 237478362. 237478962. 

15. C 167843340. 228875416. 292614264. 376254776. 4B4500B0D. 
.0 1197539006.1 25S670483. 1322409344.140604 9840.1494295664. 

16. C 18.99356 19.96147 20.97232 22.29879 23.69829 

.0 6.19012 6.19012 6.19012 6.19012 6.13012 

.0 .84737 .84737 .84737 .84737 .84737 

.0 26.03106 26.99897 28.00981 29.33628 30.73579 







Tab its 9.11 Continued - 

sc NO 2 OPEN CYCLE TEA^^g® TTOHINC ^COST OF ELECTR1CITY.HILLS/KW .HR 


ACCOUNT 

TOTAL OIR-CT COSTStS 
INDIRECT COSTfS 
PSOF 8 OWNER COSTStS 
CONTINGENCY COSTtS 
SUB TOTALtS 
ESCj^AIION COSTrS 
IMTHEST DURINS CONST** 
total CAPITALIZATION t* 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
y 9§I. 0*^ EtEC-OP B MAIN 
TOTAL COST OF ELEC 


total direct COSTStS 
INOIRECT COST** 

PROF 8 OWNER COSTS »S 

continoency cost.* 

SUB TOTAL T* 

escalation cost.* 

INTREST DURING CONST** 
total CAPITALIZATION* S 

elec-capital 

COST OF ELEC-FUEL 
COST OF ELEC-DP B MAIN 

total cost of elec 


total direct costs* s 
indirect cost** 

PROF 8 OWNER COSTS** 
CONTINGENCY COST** 

SUB TOTAL** 

ESCALATION COST** 
INTREST DURING CONST** 
TOT^ CAPITALIZATION *S 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP 8 MAIN 
TOTAL COST OF ELEC 


RATE* 

PERCENT lO.OD 
^,.0 601302072. 

51.0 82071682. 

9.0 <18152165. 

10.0 6C13D208. 

^.0 792316112. 

6.5 237A7S9E2. 

ID. a 29281 A28<t. 
_ .0 1322NP9344. 


FIXED CHARGE RATE* PCT 
_1A.<!0 IB'.DQ 

601902072. 601902072. 
,?SPJ3§§?* 82071602. 


48152165. 

60190206. 


48152165. 

60190206. 


J2316112. 79231B112. 7923161121 
3747S9E2. 237478962. 2374789621 
|2614Z8<*. 29ZG14284, 292614284, 

224P||44.132Z4D9344.13224DS344. 
II* 65129 16.77785 20,97232 

•31737 •SITS? •84737 

18*6887B 234.31535 astoDsIl 


2I.G0 

631902072. 
82071682. 
13152165^ 
^60190206. 
792316112. 
2374783B2- 
292614284. 
1322409344.: 
25-16B78 
6.19012 
^ .84737 
32.20428 


„2S .00 
6D190Z072. 
82Q716B2. 
48152155. 
6D19D2D6. 
732316112. 
Z374789S2- 
292614284. 
1322409344. 
29.12822 
6.19012 
.84737 
36.16572 


FfJr ^5Q */JO**u BTU 

1 6D13B|d72. 60iId1d7Z . 6C13D2D72. 

D ||i|||i|: "lisziil: 4li52fii: “iisiiGl: 

jlSMIlSI; ,iSM|- 

i ISaSIIS; ills, "Ilf; liialHf-' |ff|?|||f- 

3 ^^^lp7232^^“G“l72V2“^lo°.l7232“^l^ 

1 ^*84737 “‘Illll lolzllll 

I 25,*46094 2B.‘oo98i zzlitlU GO.'oIsM pajinJa^ 


RATE* 

PERCENT 12.00 
.□ 501302D72. 

Sl.D 82D71G82. 
^3.0 48152165. 

10.0 6G19D206. 

^.0 79Z31G112. 

6.5 237478952. 

10.0 292614284. 
1322403344- 

la.O 113. GOODS 
.0 6.19D12 

.0 ^ .84738 

.0 120.63756 


CAPACITY FACTOR* PERCENT 

_ 45.00 50 .00 E5«DD rh nn 

601302072. 6D1902072. 5Q19D2072. 
3Z07iEBZm 82071582. 82071682*. R7n7lKR7 

48152165. 48152lllr 4B152ll5. 4R1521 kI* 

79231Slll“ 0^90 206. 60190206 • 

292614234. 292614284; lizBlSIll 

^3 224 0934 4. 1322403344. 13 22409144.1^^^ 

27.26401 20.37232 17.Dxmni 

":i?7°i? mfd 

37.33084 34.30151 28.00981 24.07750 




Table 9,12 9C NO 

2 OPiN CYCLI 

MHO-STEAM BOTTOMING 


ACCOUNT NO AUX 

POWER#KME 

PEPC PLANT POW 

OPERATION COST MAINTENANCE COST 

4 

IS.70249 

•7877e 

89.02623 

24-45B2B 

7 

8»42215 

•32219 

•OOODO 

.00000 

a 

• 32S2<I 

•04150 

•OQOQQ 

.00000 

13 

»OQQQO 

•OOQOO 

13.21918 

.00000 

m 

•GOOOO 

•00000 

33.92728 

.00000 

Id 

15»S657Q 

.76000 

.00000 

•00000 

20 


1.22459 

1113.18802 

.00000 

21 

2«')6G00 

.12341 

•ODOQO 

.00000 

TOTALS 

55.39146 

3.28055 

1669.07141 

24«45B28 

ac NO 2 open 

CYCLE HHD-STEAH BOTTOHIKG BASE CASE INPUT 



HOHINAL POySR» NWE 


2058.7000 

NET PONER9 HUE 

1933*3085 




WON 

heat rate* btu/kh- 

HR 

7051.1821 

NET HEAT «ATE» BTU/KM-HR 7282.4934 




OFF 

DESICN HEAT RATE 

1.0367 








CONDENSER 












DESIGN PRrSSUREf IN *13 

A 

2. 0000 

NUMBER OF SHELLS 


5.0000 




NUMBER OF TUBES/SHELL 


6839.0271 

TUBE LENGTH. 

FT 


75.2339 




0* 8TU/HR-FT2-F 
HEAT REJECTION 



603.3535 

TERMINAL TEMP OIFF. 

F 

5*0000 




DESIGN lEHPw F 



51.4000 

APPROACH. F 



21.6744 




RANGE* F 



23.0000 

OFF DESIGN TEKP. F 


77.0000 




OFF 

DESIGN PRES* IN H3 

A 

2.9527 

LP TURBINE BLADE LEN, IN 

31*5000 




1 

2058*700 2 


.000 3 

• SIO <1 

6865*200 5 

7.000 



6 

873.700 

7 


2.000 

8 

1612*200 

9 

5.0DD 

10 

3.000 



11 

1*000 

12 


288. 800 

13 

1*000 

14 

•000 

15 

•000 



IS 

2*000 

17 


232.000 

18 

3*000 

19 

5.000 

20 

3*000 



21 

«GOQ 

22 


66700.000 

23 

*000 

24 

3350 *000 

25 

400.000 



25 

8375000*000 

27 


15000.000 

26 

24000*000 

29 

2ba0000*000 

30 

.500 



31 

1*000 

32 


3800.000 

33 

1.000 

34 

.800 

35 

.800 



35 

6475000.000 

37 


570.000 

38 

1*000 

33 

l.ODO 

40 

366000.000 



41 

231000*000 

42 


G8GOOD.OCiO 

43 

15DD0.000 

44 

1290000 .000 

45 

774000.0DD 



45 

6*000 

47 


.000 

43 

3*000 

49 

1.000 

50 

2.000 



51 

288. SOD 

52 


5.350 










473*400 2 


108. lOQ 3 

.000 4 

72.700 5 

23.000 



6 

204.900 

7 


350.000 

8 

159*000 

9 

3305 .000 

10 

15D.00D 



11 

150D.OOQ 

12 


159.000 

13 

131.000 

14 

150.000 

15 

159. OCO 



15 

150*000 

17 


509.000 

18 

ira.GOQ 

13 

13.800 

2D 

X9.80D 



21 

137*900 

22 


102.700 

23 

T.QOO 

24 

1.000 

25 

l.ODO 



26 

1*000 

27 


1.000 

28 

1*000 

29 

1.000 

30 

l.DOD 



31 

137*000 

32 


274.000 

33 

530*000 

34 

1225.000 

35 

3000*000 


36 

3DQ0.00D 

37 


3000.000 

36 

3000.000 

39 

40O0DGOO.0DD 

40 . 

•ODD 

41 

42000000*003 

42 


.000 

43 

soDon.ooo 

44 

• 000 

45 

300000.000 



45 

*000 

47 


56000GQ.000 

48 

•000 

49 

10000000.000 

50 

•noo 



51 

2600Da00.0QD 

52 


.000 

53 

580000.000 

54 

3.000 

55 

.000 

0 

q 

56 

1*000 

57 


l.ODD 

58 

l.QOO 

59 

3260D00.0DQ 

60 

.000 

s 

61 

13730000*000 

52 


.900 

63 

17210000*000 

64 

• 000 

65 

480000. DOO 

66 

1*000 

67 


*000 

66 

.000 

69 

.000 

70 

.000 

r> 

71 

• 000 

72 


.000 

73 

*000 

74 

.Don 

75 

*000 


CJ 

7E 

*D00 

77 


•too 

78 

*000 

73 

635.000 

BO 

5810.000 


.-'S 

81 ■ 

5293*000 

82 


157.000 

83 

4066.000 

84 

130.000 

85 

1938.000 

V-*! 


66 

.ODD 

87 


.000 

88 

*000 

69 

.000 

90 

.000 



91 

*000 

92 


.ODD 

93 

.000 

94 

.000 

95 

.000 


1 

96 

*GQD 

97 


• 000 

38 

845*000 

33 

7200.000 

100 

1903 *000 



101 

1-OOQ 

102 


9540. OQD 

103 

1020*000 

104 

11316.000 

105 

6720.000 



106 

3000*000 

107 


18Q0.0G0 

108 

585.600 

109 

513 .600 

110 

230.400 

• 


111 

130. DOD 

112 


554.000 

113 

287*200 

114 

420*000 

115 

190.800 


r ^ 

116 

225*600 

190.800 

217 


180. ODQ 

118 

23C.4D0 

113 

180 .000 

12D 

420*000 

L-'i 


121 

122 


554.000 

123 

187*200 

124 

.000 

125 

.000 


0 

'1 

126 

*000 

127 


• OOP 

128 

•DGQ 

129 

.000 

130 

•DOD 


131 

• 000 

132 


• GOO 

133 

• 000 

134 

• OOQ 

135 

• 000 


JL36 

*000 

137 


.000 

138 

*000 

139 

•000 

140 

•ODD 

C 


141 

912*000 

142 


2135. OOQ 

143 

,^^29.400 

144 

40.800 

145 

ISl:§88 


146 

96*000 

147 


46000.000 

14 8 

12000.000 

143 

43 .ODD 

150 

rv 


151 

5.000 

152 


2.900 

153 

3393.000 

154 

107*000 

155 

• 000 



ft! 

450*000 

157 


225.000 

158 

I2C0.00Q 

153 

800 .DOD 

160 

1200 .000 


aoo.ooo 

162 


1.000 

163 

27930000*000 

164 

*000 

165 

1.000 



166 

*000 

167 


1.000 

168 

259D0a00.0Q0 

169 

3540000 *000 

170 

• ODD 



171 

*000 

172 


4250000*000 

173 

• 000 

174 

16*790 

175 

2o460 



176 

8*800 

177 


•133 

178 

1.054 

179 

8.298 

160 

11 .470 



181 

1*100 

1B2 


.000 










V . 


(Figure 9*1)« These data describe the gas thermodynamic state and mass 
flow rate at 10 points in the cycle and are in metric units* The 
combustor pressure is 6*078 MPa (6 atm), and with 1588®K (2398°F) preheat 
temperature the combustor temperature is 2708*’K (4414®F). The overall 
plant efficiency is about 47%. Due to the relatively high sulfur content of 
this ci^ul, it is necessary to convert nearly all of the potassium sulfate to 
potassium carbonate in the seed treatment plant. The energy and power 
requirements of the seed treatment (Appendix A 9.1) reduce the efficiency 
approximately three points. The capital cost of the plant (including 
escalation, interest during construction, and contingency) is $663/kW 
for a 1993 MWe plant. The O&M charge is about (0.236 mills /MJ 
(0*85 mills /kWh) . This is partly manpower and makeup water, but largely 
[0.139 mills /MJ/kWh ('^ 0.5 mills)] is a seed makeup charge. The required 
precipitator efficiency was determined by emission requirements for all 
points. The seed makeup requirement was then determined by the losses 
in the ash as well as the stack (Appendix A 9.1). The present price of 
potassium carbonate [$0.286 6 /kg ($0. 13/lb)] was used in calculating 
makeup costs. The makeup seed cost is less than 10% of the fuel costs. 

The overall energy cost of the base case is 7.778 mills/MJ (28 mills/kWh) 
with $0.85/10^ Btu fuel. 

Table 9.13 contains a summary of the plant efficiency, 
capital cost, cost of electricity, and the estimated time of construction 
for each Base Case 2 parametric point considered. 

Table 9.14 contains a summation of the major component 
material costs, tabulates the indirect cost, and give the variation of 
the cost of electricity with capacity factor, fuel costs, fixed charge, 
contingency and escalation for each Base Case 2 parametric point. Those 
major component material charges considered were: the MHD combustor (the 

sum of all material charges in Account 9) , MHD generator duct (the sum of 
the materials charges in Subaccount 11.1 through 11.4), magnet and 
refrigerator (the sum of the materials charges in subaccounts 11. S through 
11.8), high temperature heat exchangers (all material charges in Account 
13), seed ‘ recovery system (all material charges in Subaccounts 20.5, 21.1 
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• ODD 
•OOD 
.000 
•QOO 
.000 

• □00 
•DOD 

• 000 
•QOO 

• DOD 
.000 
.000 
•OGO 

• ODO 
.000 
.000 
.000 
•DOD 
•ODO 
.□□□ 

• QOO 
•ODD 
•000 
.000 
.DOG 
.000 
.ODD 

• 000 


23 


.00 
•ODD 
•QOO 
• 000 
•ODD 
.000 
•000 

• OGO 

.000 

•000 

•000 

• ODD 
•ODD 

• ODD 

.000 

• ODD 

:gSg 

•GOO 

.000 

•ODD 

• □DO 
•000 

• ODD 
•OQO 

• □DO 
•000 

• QQO 
•QQO 

• □GO 


24 


•00 

•ODD 

•DDQ 

• DOD 

.000 

• ODD 
•OOD 
oOQD 
•ODD 

•OOD 

•000 

• ODD 

.000 

• 000 

.000 

• ODD 
.QOO 

• ODD 
•ODD 
•000 
.ODD 

• 000 
•DOO 

• DOC 
•QOO 

• DOO 

• 000 

• DOO 
•ODD 

• QOO 


.00 

.ODD 

•ODO 

• ODD 
•ODD 
.000 
•DOD 
•DOO 
•ODD 

•DDQ 

•00^ 

•QLi: 

•ODD 

•DOO 

.000 

• DOO 
•DOO 
.000 
.□DO 

• DDO 
•ODO 

• DDO 
.00 Q 
.ODD 
•□DO 
•ODD 
•000 
•DOO 
•DOO 
•DOO 


and 21.3), dc Inver ter-tiansf Dinner subsystem (the sura of the material 
charges in Subaccounts 15.1 and 15.2), compressor and steam turbine drive 
(material charges in subaccounts 11.9 and 11.10) and steam turbine generator 
(material charges in Subaccounts 11.11 and 11.12), 

Table 9.15 is the natural resource summary table for each 
Base Case 2 parametric point. 

Points 2 and 3 are simply scaled down versions of the base case. 
The power output of Point 2 is 1191 MW, about 60% of the base case. The 
specific capital cost ($/kW) is about 1% greater than the base case, and 
the efficiency is about 0.6 of a point lower. The energy cost is 7.889 
mills/MJ (28.4 mills/kWh) . Point 3 has a power output of 582 MW or 
about 30% of the base case. The specific capital cost is about 8% higher, 
and the efficiency nearly a point lower than the base case. Also, the 
O&M is nearly 0.4 mill higher due to the increased cost of manning the 
smaller plant. The energy cost is about 0.611 mills/MJ (2.2 mills /kWh) 
higher than for the base case. 

Point 4 uses the bituminous coal dried to a 3% moisture content. 
The removal of moisture results in a higher flame temperature (for a 
given air preheat temperature) and also produces a better plasma elec- 
trical conductivity for a given temperature. As a result, the efficiency 
is about 0.3 point higher, the capital charge about 0.8 mill lower, and 
O&M about 0.0111 mill/MJ (0.04 mill/kWh) lower. The energy cost is 
reduced to about 7.5 mills/MJ (27 mills/kWh). 

Por Points 5 and 6, the fuels are the subbituminous coal with 
20% and 16% moisture, respectively. The higher moisture content reduces 
the combustor temperature and conductivity, increasing the magnet cost 
and decreasing the basic plant efficiency. The lower sulfur content, 
however, reduces the equipment, energy, and power requirements of the 
seed treatment plant so that the overall efficiency and total energy 
costs are competitive with the base case. The lower moisture content 
of the Point 6 fuel gives it a 0.4167 mill/MJ (1.5 mills/kWh) advantage 
over Point 5. 
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Table 9,15 3C NO 2 OP^N i 

CYCLE MHO* 

-SliAH 30IT?MI»S 

NATURAL RESOURCE REQUIREMENTS 


»4rah£tric point 

1 

2 

3 

4 

5 

6 

7 

8 

CQALr LB/KW-HR 

•675D6 

.68258 

.65254 

.67047 

.81151 

.78841 

1 .06594 

1 .03227 

S093ANT OR SEE9»L3/KW-*IT 

.00420 

.30427 

.33372 

•33335 

•Q049B 

.00498 

-QD535 

•0D50G 

TOTAL WATER r GAL/KW-HR 

.582 

.557 

.612 

•580 

.558 

.560 

.576 

•569 

COOLING WATER 

.SS7 

• 592 

.E9G 

• 565 

.550 

.560 

• 567 

• 560 

gasifier process H2P 

.OGDOD 

.COLOO 

.DPCDD 

•00000 

•DDOOO 

•CGDOO 

•OOODO 

.00000 

CONDENSATE «AKE UP # 

•□1111 

.31127 

.01179 

.31101 

•00693 

.00711 

•00765 

•DG750 

HASTE HANDLING SLURRY 

.0040 

•CL40 

.CG43 

.0039 

.cell 

.ODll 

•0015 

.0014 

SCRUBBER HASTE HATER 

.30103 

.30330 

.00000 

.30303 

.00000 

•00000 

•DOQOD 

•OODOD 

NOX SUPPRESSION 

.00000 

;cocoo 

.□nooo 

.00000 

.OGGCO 

.00000 

.OOODO 

•DDGOO 

TOTAL LAND ACRES/IOOHWE 

51.30 

56.03 

SS« 99 

51.26 

48.33 

47.98 

49.64 

48.95 

HAIN PLANT 

11. B4 

15.86 

24.38 

11.65 

11.90 

11.69 

11.76 

11.70 

DISPOSAL LAND 

14.12 

14.27 

14.48 

14.02 

11.69 

11.36 

12-73 

12-33 

land for access RR 

25.54 

25.25 

2B.13 

25,. 59 

24.73 

24.93 

25-15 

24.32 

parametric POINT 

9 

10 

11 

12 

13 

14 

15 

16 

COAL* L8/KH-HR 

.G75S8 

.67086 

.67595 

.71015 

.67990 

.65610 

.64749 

•68456 

SORB ANT OR SEED iLB/KH-HR 

.00230 

.00276 

.0E144 

.0OD27 

.00398 

•00376 

.00403 

•00426 

TOTAL HATER* 3AL/KH-4R 

.533 

• 53Q 

.583 

• 59B 

.578 

.546 

-530 

-600 

COOLING HATER 

.5G7 

.565 

-567 

.574 

.564 

.532 

.516 

.585 

GASIFIER PROCESS H?D 

.30033 

.30030 

.01000 

.30000 

.00000 

.00000 

.30000 

•OODOO 

CONDENSATE MAKE UP * 

.01116 

.Gil 10 

•C1120 

.01597 

•01060 

.01D5B 

.01033 

.01113 

HASTE HANDLING SLURRY 

.0040 

.0039 

.0040 

.0075 

.0036 

.0038 

-0D36 

• 0040 

scrubber haste hater 

.DODOC 

•ODD CO 

.00000 

.00000 

.00000 

•ODDOO 

-DO 000 

-ODDOO 

. ^ NOK. SUPPRESSION 

.QCOQD 

.OOOGO 

.00000 

.30000 

.00000 

p 00000 

•00000 

•OODOD 

TOTAL LAND ACRES/IDQHHE 

51.51 

51.26 

51.32 

52.15 

50 .83 

49.31 

48.30 

51.95 

hain^plant 

11. S4 

11.55 

11.64 

11.71 

11.73 

11-69 

11-71 

11-74 

DISPOSAL LAND 

14.13 

14.03 

14.13 

14 .75 

14.22 

13.72 

13.54 

14 .32 

LAND FOR ACCESS RR 

25.54 

25.53 

25.54 

25.63 

24. 3S 

23.90 

23.05 

25.90 

parametric point 

17 

13 

19 

20 

21 

22 

23 

24 

COAL, LB/KH-HR 

.64331 

.00000 

.00000 

.00000 

•DOODD 

.00000 

.00000 

-DOOOO 

SORBANT OR SEED rL3/KH-HR 

.D03B5 

.03000 

.03000 

.00000 

.00000 

.00000 

-OODOD 

•Dooao 

nroTAL HATER* GAL/KH-HR 

.564 

.000 

.GOO 

.000 

•GOD 

.000 

-000 

•GOD 

COOLING HATER 

.550 

.030 

.000 

.000 

.000 

.000 

-DOD 

• 000 

GASIFIER PROCESS HZD 

.00000 

.CODDD 

.DrODO 

.00000 

.00000 

•COOOD 

•00000 

.OOODO 

_ ^ CONDENSATE HAKE UP t 

.Q10S7 

.30000 

.02000 

•30000 

.00000 

.00000 

-DOOOO 

•ODDOO 

HASTE HANDLING SLURRY 

• 0036 

.0000 

.GOOD 

.0000 

.0000 

.0000 

.0000 

.0000 

SCRUBBER HASTE HATER 

•□□000 

.30000 

•00000 

•OODOD 

.00000 

.□0000 

•OOODO 

•ODDDD 

NOX SUPPRESSION 

•QOOQD 

.00000 

•DOOGO 

.00000 

.OODOD 

.00000 

-00000 

.□ODOO 

TOTAL land AGRES/iaOHHE 

49.94 

.00 

• 00 

..oo 


.00 

• 00 

• DO 

KJ;IN PLANT 

11.65 

.00 

.00 

.00 

.00 

•DO 

•00 

.00 

DISPOSAL LAND 

13.53 

.33 

.00 

.00 

.00 

.00 

• DO 

• 00 

LAND FOR ACCESS RR 

24.63 

.GO 

.00 

.00 

.00 

-DC 

•DO 

. .00 
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The fuels for Points 7 and 8 are the lignite coals with 27% and 
18% moisture respectively. The combustor temperature is down signifi- 
cantly, and the cost of the magnet becomes rather large and cannot be 
offset by the savings in seed treatment. The energy cost of both points 
is higher than that for the base case. A similar problem would face any 
type of power plant which bums an inferior fuel, but it is a more severe 
problem in the open-cycle MHD plant since the products of combustion are 
the generator working fluid. The situation can be improved by increased 
drying of the coal and/or higher air preheat temperatures. A lower 
pressure ratio might also be desirable for these lower temperatures. 

Point 9 demonstrates the effect of a decreased ash carry-over 
from the combustor. Since less seed is combined with the ash, the seed 
makeup costs are reduced by about 0.25 ni.ll. Since there is less fly ash 
to collect, the precipitator cost is reduced significantly. Since more 
seed must be treated, however, more power and energy are required for 
seed treatment, and the efficiency of the plant is reduced very slightly 
from the base case. The overall energy cost is about 0.0833 mill/MJ 
(0.3 raill/kVJh) lower than for the base case. 

Point 10 combines the dried bituminous coal (3% moisture) with 
reduced ash carry-over. The energy costs are a 0.278 mill/MJ (1 mill/kWh) 
lower than for the base case, for the reasons discussed under Points 4 

and 9. 

For Point 11, the ash carry-over is reduced further to 5% with 
the bituminous coal (13% moisture) . Due to a further reduction in seed 
makeup (below that of Point 9), the energy cost is reduced to 7.667 
diills/MJ (27.6 raills/kWh). 

For Point 12, all of the ash is carried over to the 
generator. This case requires a leaching plant to separate the potassium 
from the ash (Appendix A 9.1). The equipment, energy, and power require- 
ments for seed treatment are increased, but this is largely offset by the 
reduced makeup required. The makeup is reduced because nearly all of the 
potassium can be leached from the ash. For points t^ith reduced ash 
carry-over, it was felt that the seed loss was too small to justify a 
leaching operation. The total energy costs are 0-11 mill/bU (0-4 mill/ 
kt'di) higher than for the base case. 
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In Point 13, some exhaust products are recycled with the air 
stream to reduce the combustor temperature to 2700®K (4400®F). There is 
a slight decrease in efficiency due to the reduced temperature and a 
slight reduction in capital cost due to the larger portion of the power 
generated by the steam plant. The energy cost is about 0.0278 mill/MJ 
(0.1 mill/kWh) lower than the base case. 

In Points 14 and 15 the combustor pressures are raised to 
0.8106 and 1.0133 MPa (8 and 10 atm) respectively. The increased magnet 
cost raises the capital cost per kilowatt about 4% and 9% above the base 
case respectively. This increased cost more than offsets the fuel 
savings for the standard conditions, and the total energy costs are 
0.1667 and 0.4444 mill/MJ (0.6 and 1.6 mills/kWh) higher than the base 
case for Points 14 and 15 respectively. 

In^ Point 16, a 16.6 MPa (2400 psi) steam plant is substituted 
for the 24.1 MPa (3500 psi) plant of the base case. There is a reduction 
in total plant cost, but this is more than offset by a reduction in power 
output, and the specific plant cost increases slightly. Tliere is also a 
decrease in plant efficiency and the total energy cost is 0.0278 mill/MJ 
(0.1 mill/kWh) higher than the base case. 

Point 17 uses the dried bituminous coal with an MHD pressure 
ratio of seven. Compared to Point 4, the efficiency is about 1-1/2 
points better. The specific capital cost, however, increases by nearly 
1%, and the resultant energy costs are only 0.0083 raill/MJ (0.03 mill/ 
kWh) better with the standard set of economic parameters. 

9.4.2 Base Case 3 and Variations 

The detailed accounts listing, cost of electricity summary, and 
input-output sheets for Base Case 3 are given as Tables 9.16, 9.17, and 
9.18, respectively. In this case, 76.44% of the total direct cost is 
found in Accounts 8, 11, 12, 13, and 15 with 20% of the direct cost 
attributable to the gasification subsystem. The total direct costs of 
some of the major component groupings were $163,000,000 for the gasifier, 
$182,500,000 for the superconducting magnet; $18,960,000 for the steam 
turbine— driven compressor; $25,400,000 for the steam turbine generator; 
$54,920,000 for the heat recovery steam generator; $76,240,000 for the 
air heater system; and $73,840,000 for the inverter filter system. 
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Table 9,16 

ACCOUNT NO. 


3C NO 3 
8 NAHIt 


0»IN CYCLI HHO-STSAM E*'TTOMIN3 
PARAMETRIC POINT NO# 1 

UNIT AMOUNT HAT S/UNIT 


ACCOUNT LISTING 

INS S/UNIT HAT COST»S INS COSTtS 


SITE development 
1# 1 ‘ " ' 


land cost 

CLEARING I.ANO 

grading land 

ACCESS RaILROAO 


acre 

ACRE 

ACRE 

MILE 


LOOP railroad track HlLE 


SIDING R R TRACK 
OTHER site costs 


MILE 

ACRE 


73. D 
234.D 

s.n 

3.D 

• 0 

.0 


lODO.QG 
• 00 
.00 

1 15000.00 
IZCOOD.OO 
IZSDOD.DD 
• DO 


.00 
BOO. 00 
3000.D0 
iiODOO.oa 
700QD.00 

aoooo.oo 

• OG 


PERCENT TOTAL direct COST IN ACCOUNT 1 r -4E3 ACCOUNT TOTAL*® 


234DD0#00 
• 00 
•00 

575000.00 

3GOOOO.OO 

•DC 

482ES3*86 

1G51593#BG 


• 00 
4S7i'5.32 

702000.00 

550000.00 
ZirOOD.OD 

482593tSB 

13914B9.17 


i?i§8o:§ 

PERCENT TOTAL DIRECT COST IN ACCOUNT 2 = 


•DO 3.00 #00 

gIsO a . so 3SE2DDD-D0 

X.1Z3 ACCOUNT TOTALr® 35620DD.0D 


S1G50D.D0 

46S8D00.0D 

5274500.00 


PLANT ISLAND CONCRETE r, 

3. 1 PLANT IS. CONCRIT| YD3 GSBuD.C 

3. 2 SPECIAL STRUCTURES YD3 #0 

PERCENT total DIRECT COST IN ACCOUNT 3 = 


70 j 30 30.00 4795DOO.OD 

•CO #00 »0D 

1.3 DG account 70TAL?S 4795DQ0.00 


5430000.00 

.00 

54800D0.D0 


HEAT REJECTION SYSTEM . 

4# 1 COOLING TOWERS ^ ^ EACH 24.C 

II. 2 CIRCULATING 420 SYS EACH 
4. 3 SURFACE CONDENSER ^ 5S3987.7 

PERCENT total DIRECT COST IN ACCOUNT 4 


^no .00 3684000.00 

Inn .00 16D0402.9B 

.DO 2733904.91 
1.578 ACCaUNT TOTAL*® 8024307.81 


1836000.00 

2145938.12 

408791.40 

4390729.50 


ST., TON 355D.r 

I: I i 5 ^xS'n.^y 

PERCENx'^TOTfiL^Dl'RlcT COST'iN ACCOUNT 5 : 


6HD.C0 175.QD 

laOO.DO 750.00 

.00 #00 

•»62aoa.30 157 DUO. QD 

.840 account TOTAL*® 


23075QD.0Q 
• 00 

435G70.S2 

862000.00 

36CI4570#S1 


62X250.00 

.DO 

652SD8.38 

157000.00 

1430856.37 


QUILOINGS 

B. 1 STATION 3UIL0IN3S 
5. 2 ADHINSTRATION 


“T3 9312DCD.D 

FT2 150CC.O 
si 3 WAREHOUSE 8 SHOP - 

PERCENT TOTAL DIRECT COST IN ACCOUNT 6 - 


FUEL handling 8 STORAGE 
7. 1 coal handling SYS TPH 

7t 2 DOLOMITE HAND# SYS TPH 

7 FUEL OIL HAND. SYS 3AL 2250000.0 

PERCENT TOTAL DIRECT COST IN ACCOUNT 7 = 


.IE 

16. DO 14.00 

12.0G ^ ^ 3.00 

•457 ACCOUNi TOTAL*® 


1489320.00 
240000.00 
238000.0D 

2017920.00 


,00 #00 11209788.37 

.00 .OD 4536129.37 

rOD .00 258657.35 

2.697 ACCOUNT TOTAL*® 16004575. DO 


1489920.00 
21000D.CD 
192000.00 

1631920.00 


45B6668.62 

2003197.80 

202919.16 

6792785.50 


^ 8 ^*"i^C 0 aPdRY|R a crusher TPH .0 •§0 

.6. 2 CARB0NI2ERS TPH #0 -Ug 100104358864.00 58701061-00 

PERCENT^TOTAL DIRECT COST IH^ACCOUNT i =C0.72<1 ACCOUNT TCTALfS 10^358864.00 58701861.00 



..-- i 


i > - . •. 

C: 


o ^ 
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Table 9,16 
Continued 
ACCOUNT NO. 


3C NO 3 OPiN CYCLI HHO-STcAH 3^TT0HIN5 
PARAKETRIC POIN’^ NO* 1 


S NAH^r 


UNIT 


AMOUNT MAT S/UKTT 


account LISTING 

INS S/UNIT MAT CCSTtS INS COSTfS 


KP 


PIRIN3 SYSTEM 
9. 1 CONTAINMENT STEEL 

9* 2 QRlCK- DENSE 2R02 KP 

9* 3 BRICK-SILICON CARBIDE KP 

9. A BRICK- HGO KP 

9* 5 BRICK (INSULATIN6I KP 

ihSEsnsfrbiSSt'- 


26a»0 

X6o^ 
38.0 

KP 163.0 

COST IN ACCOUNT 3 = 


35C.GD 

3305.00 

1400.00 

131.00 
159. OD 

509.00 


159.00 

150.00 
150.00 
150.00 
150.00 
150.00 


►1C2 ACCOUNT TOTALfS 


VAPOR GENERATOR CFIREO) 

PERCENT TOTAL DIRECT COST IN AC ^UNT IG^r .000 ACCOUNT TOTAlIS° 


93800.00 
475920.a0 

22960.00 

12576.00 

allsTroD 

6S11E4.50 


*00 

.00 


42612.00 

21500.00 
2460.00 

14400.00 
^2775.00 

24450.00 
108237.00 


energy converter 

11. 1 DUCT INSULATION SRICK KP 
11. 2 DUCT CONDUCTING BRICK KP 
11. 3 DUCT STRUCTURAL ST££L KP 
21. 4 DUCT COOLING TUBES KP 
11. 5 SUPERCONDUCTING ‘UT EACH 
11. 6 MAGNET STRUCT STEEL EACH 

11. 7 nitrogen liquipier each 

11. 8 HELIUM LIQUIFIER EACH 
11. 3 COMPRESSOR ^ EACH 

11.10 COMPRESSOR DRIVE EACH 

11.11 STEAM TUR3-3EN EACH 

11.12 FEED HATER HEATERS PLANT 
PERCENT TOTAL DIRECT COST IN AC 


43.7 

43.7 

ZS3.D 

292.0 

1.0 


137.33 

500.00 

3000.00 

3000.00 


274. 

1225. 

3000. 

3000. 


77r99939.0D 19339939- 


1.0 

:OUNT 11 : 


1.0 85493999.00 
1.0 707000.00 
l.D 701999.93 
1.0 3^90CD0.a0 
l.D lirCODDD.DO 
1-0 2310O000.J0 
^ ‘ rSOQOO.OD 


23000, 

78D0D, 

9083''^ 


00 6908 

00 24850 

□0 849QOO 
00 876000 

75 77599999, 
DO 85499399 
00 2070DD, 

00 701999 

99 S59QD00, 

1130DDDO, 


.90 

.00 

00 

00 


X3B17.8D 

6C882.S0 

84900D.DD 

876DD0.D0 


,00 19399999.75 


___J36._ 

1592734.39 23800000 
15900.00 530000 


OD 

00 

99 

00 

00 

00 

00 


^00 

23000.00 
7B00D.0D 

558993.99 

906396.26 

1592734.39 

15900.00 


:29.481 account TOTAL fS 20758SB52.D0 24375523.75 


COUPLING HEAT EXCHANGER 

H* i 3''4199S.£7 1370993.98 

12. 2 REHEATtR S £VAP SiCT EA 1.9 ^^40000.30 5759399.94 

FICTION ^ EA 1.0 24122240; DO lOSBOSGO.OO 24H2240:o5 lOSBOsloIoO 

PERC-NT TOTAL DIRECT COST IN ACCOUNT 12 r 6.379 ACCOUNT TOTALfS 36804239.50 181X1959.75 


3341993.97 

3640000.00 


197G9SS.98 

5753993.94 
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Table 9*16 
Continued 

account no. 


NO 3 OPiN CYCL£ MHO-ETCAM 3nTTOMIN3 ACCOUNT LISTING 
PARAM«"TRIC point NO. 1 


8 NAH£f 


UNIT 


amount hat 5/UNIT ins $/UNIT hat cost*® ins COSTt® 


HEAT RECOVERY HEAT EXCH. 

13. 1 ceramic tubing 

EXOTIC HETftL TU^ES 


13 

13 

13 

13 

13 

13 

13 

13 


KP 

KP 


STAINLESS STEEL TUBES KP 


TUBE CERAMIC COATINS 
INSULATION FOR REGEN 
STRUCTURAL STEEL 
. CONT STEEL REGEN 
B CHECKER BRICKS 
9 insulation SFA 


KP 
KP 
KP 
KP 
KP 

heater KP 


Trs.c 

292B.Q 

P69S.C 

159.0 

2397.0 

111.0 

1137.0 

.0 


13.10 CONT ST SFA HEATER KP 
13*11 STRU ST SFA HEATER KP 
13-12 BURNER SFA HEATER EACH 
13*13 high temp valves EACH 
PREHEATER AIR PIPIN3 TON 


13.15 FUEL Gas piping 
13.15 COMB AIR PIPING 

13.17 RECIRC AIR PIPING 

13.18 PRODUCTS PIPING 

13.19 RECIRC ASPIRATOR 
13.2D headers 

13.21 SEALS 


X3.22 CONCRETE 




13-23 expansion JOINTS 


TON 

TON 

TON 

TON 

TON 

KP 

EACH 

Y03 

EACH 


• 0 

.0 
.0 
• 0 
• Q 

.C 

.0 

-G 

.0 

.0 

957. D 
5189. □ 
115.0 
2.0 


PERCENT TOTAL OIRECT COST IN ACCOUNT 13 - 


854D.0r 
11315.03 
29tlD.0D 
SB5.S0 
230.40 
559,30 
420. DO 
.30 
.CO 

.□n 

.DO 
.00 
.00 
.00 
.CP 
.00 
.GC 
*00 
.00 
912.00 
20.40 
69,00 
4B0G0.DD 
3.C39 account 


1D2D.DP 

5720.00 

1800.00 
513.60 
180.00 
167.20 
19D.8D 

• 00 

• DO 

• 00 
.00 
• 00 
.00 
• 00 
.00 
.00 
.03 
.00 
.00 

213G.no 

90.60 

98.00 

120CC.DD 

TOTALfS 


6259000 

33092720, 

7935050 

98380 

552268 

52B09 

477540 


,0C 


410900 

105655 

3749 

96000 

93054S72 


733500.00 
□0 13622400.00 
00 4856200.00 

85284.80 

431460 .00 
20773. 2D 

216939.60 
.00 
.00 
• 00 
•00 
.00 
.00 
.00 
.00 
• GO 
.00 
.00 
.00 

951200.00 
211711.20 

11136.00 

24000.00 


• 80 
.80 
,00 
• 00 
,00 
.00 
• 00 
.00 
.00 
.00 
.00 
.00 
.00 
.00 
.00 
.00 
• 00 
.50 
QD 
.00 


,50 27183610.25 


WATER TREATMENT „ 

14. 1 DEKINERALIZER GPH 13.19.9 

14. 2 CONDENSATE PQLISHIN3 KWE 3SB703.0 

PERCENT TOTAL DIRECT COST IN ACCOUNT 14 = 


2C0D.00 5ED.D0 

1.25 .30 

.624 ACCOUNT TOTAL* $ 


2653803.22 
1210875.00 

3870670.22 


744744.30 
290510. DO 
1C35354.30 


POWER CONDITIONING 

15. 1 INVERTER SYSTEM KWE 1358739.3 

15. 2 FILTERS KHE 13567C0.D 

15. 3 STD TRANSFORMERS KWE 733703.0 

PERCENT TOTAL DIRECT COST IN ACCOUNT 15 = 


93.33 4.77 58333099.00 

6.0D .55 8I4D199.B7 

,□0 .00 141B43S.97 

9.568 ACCOUNT TOTALb® 57894735.00 


6479242.37 
881854 .98 
2B328.74 
7388425.00 


AUXILIARY HECH EQUIPMENT ^ ^ 

16- 1 30ILER FEED PUMP SDR. KWE 92D2S5.T 

16. 2 OTHER PUMPS KWE 74365D.C 

16- 3 HISC SERVICE SYS KWE 13S9150.D 

16. 4 auxiliary boiler PPH 72J]DPp.D 

PERCENT TOTAL DIRECT COST IN ACCOUNT 16 - 


1,57 .10 

.88 .12 

1.17 .73 

4. on »8D 

1,190 account TOTAL?® 


1536342.55 
659420.79 
2175205.50 
288D00D.00 
7245458. 01 


97026.5Q 

89235.20 

1357179.48 

575999.99 

2114445.15 


ojPE S FITTINGS ^ „ 

17. 1 CONVENTIONAL PIPING 
17. Z HIGT TEMP AIR PIPIN3 
17. 3 LOW TEMP AIR PIPING 


17 


TON 

TON 

TON 


L/. ^ i-uw itnr rxrj.tjw iwn 
,7. 4 RECIR PRODUCT PIPING TON 
PERCENT TOTAL DIRECT COST IN 


3635. 0 
3503.9 
110.0 

• 0 

ACCOUNT 17 : 


’DEO. 00 
950.DD 
1200.00 800. DO 

1200. DO 1100.00 

2.545 account TOTAL?® 


1 a 00 .DO 10905000.00 
225.00 1575000.00 

132000.00 

• DO 

12612000 .00 


G5430DD.D0 

787500.00 

8B00Q.DQ 

.no 

7418500.00 




Table 9*16 
Continued 


3C NO 3 OPIN CYCLE H4D-STEAH 33TTO«ING 
PARAHETRIC POINT ND« 1 


ACCOUNT LISTING 


ACCOUNT SO. S NAHIf 


UNIT 


AMOUNT HAT S/UNIT INS S/UNIT MAT COSTrS INS COSTrS 


AUXILIARY ELEC ESUIt’HENT 
IS. 1 HISC HOTERSfETC 
18- 2 SWITCHGEAR 8 HCC PAN KHE 
18. 3 C0NDUITfCA8LES?TRAYS ““ 
18. fl ISOLATEO PHASE 3US 
18. 5 LIGHTING 8 COHHUN 


FT 

kEI 


13014C5.D 

1301405. 0 

5100000.0 
570.0 

1855150.0 


1.40 
1.55 
1.32 
510.30 
.35 


.17 
•.*^5 
1.36 
450.00 
.43 


PERCENT TOTAL OIRECT COST IN ACCOUNT 18 = 2.548 ACCOUNT ToTALfS 


1B21967.DD 
25377 39» 75 
&Y31995.94 
29070D.DD 
B50 702.50 
12033103.12 


221238.85 

585632.24 

6535995.34 

256500.00 

799434.49 

8798B05.37 


CONTROL? INSTRUMENTATION 

19. 1 COMPUTER EACH l.D 

19- 2 OTHER CONTROLS ZUCA l.G 

PERCENT TOTAL DIRECT COST IN ACCOUNT 19 = 


72600C.QO 16500.00 7Z6OOG.0O 16500.00 

1E3D0DD.GQ 335000.00 1390000.00 835000.00 

•377 ACCOUNT TOTAL? $ 2116DD0.D0 8515D0.QD 


PROCESS WASTE SYSTEMS 
20. 1 BOTTOM ASH 
20. 2 DRY ASH 
20. 3 WET SLURRY 
20. 4 ONSITE DISPOSAL 
20- 5 SEED TREATMENT 


TPH 

54.7 

5^2783.37 

1373195.34 

TPH 

• 0 

-DO 

•00 

TPH 

315.6 

3936551.37 

2005137.84 

ACRE 

1053.7 

5058.11 

7714.48 

EACH 

l.D 

.30 

.00 

■ IN 

ACCOUNY 20 r 

3.863 ACCOUNT TCTALtS 


5512793.37 
.00 

5035551.37 

5329322.37 
.00 


1378195. B4 

.00 

2009137.84 
3123031.94 
»00 


18879257.00 1151B3B5.G2 


21- 1 PRECIPITATOR EACH l.G 21 ^30000. DO 3360000.00 21800000.00 3360000.00 

?1. 2 SCRUBBER KWE -C 14.87 6.41 .00 -00 

21- 3 HiSC STEEL 8 3UCTS 1.0 4300000.90 .00 400000Q-0D .00 

PERCENT TOTAL DIRECT COST IN ACCOUNT 21 3.706 ACCOUNT TOTALtS 258DD00D.D0 33GDD0D.0D 


TOTAL DIRECT COSTSt$ 


58860E792 .00 1 S821792S .00 
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ecu „§“; "f EUCI1>ICIT,.H1LLS/KV.»R 


TOTAL 0t«' CT COSTSfS 
INDIRECT COSTfS 
PROF 8 OMi.ER COSTSfS 
CONTINGENCY COSTtS 

f s8 aJ Atiofi* COST ?S 

?g!5E=W!f?5C!iS?SU’.? 

COST OF ELEC-CAPITAL 
COST OF ELFC^FUEL 
COST OF ELEC-OP^ S HAIN 
TOTAL COST OF ELEC 


ACCOUNT 

TOTAL DIRECT COSTS tS 
INDIRECT C05T»S ^ 
PROF & OWNER COSTS tS 
CONTINGENCY COSTfS 
SUB TOTAL *S 
escalation COSTfS 
INTREST DURING CONSTt* 
total capitalization tS 

COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP 8 MAIN 
'^TDTAL COST OF ELEC 


account. 

TOTAL DIRECT COSTStS 
indirect COSTfS^^^ ^ 
prof 8 owner COSTSiS 
“ ‘CONTINGENCY COST?S 
SUB TQTALtS ^ 

ESCALATION^ COST ^ 

IHTREST during CONSTfS 

TO tAL capitalization's 

COST OF elec-capital 
COST OF ELEC-FUEL 
COST OF ELEC-OP S HAIN 
rOtk cost OF ELEC 


RAT^f LABOR RATEf S/HR , ^ nn cn 

7-47155123. 78B82§712. aS9103BS|. aaOcflsM. 
.,•0 'SilafSil* '^tiDE36^1. ioioaiim. 143053502. 205043352. 

I-I WJ8- " Ini3?5; 

:S zl:llzll srJxoil ' hI\2uHI mXs^szs 


RATEf 

percent -5*00 

.D 7QG82^»712. 
51*0 101391141. 

8.0 B2345977. 

20.0 -33341235^ 

.0 911520592. 

5.5 273207S28. 

1Q„C 33GG382S6. 
.0 1t213SG7D4. 


contingency f PERCENT 
-S-QO .00 10.00 

QG824712. 7.^6824712. 786824712- 
31331141. 101031141- 101091141- 
52345977. 62345977. |Z|a|S77. 

3. 70B8247D- 

11520592. 95D861S24.10Z9544288. 
73207828- 294999475. 3D85827BD. 
3BB38236- 3511676D4.- 38C22B224. 
21 3SG7D4. 1 5 '!702389S. 1713 353280.1 
25-50547 26-GDeZ8 28-80791 
5.93449 5.98449 5.98449 

3-51823 3-51823 3.51823 

35-00818 3S:i0393 38.31DS3 


5.00 20.00 
786824712. 7cB824712. 
101091141. 101031141. 
62945 977 . 6Z345977 . 

39341235. 1573S4940. 
99D20305B .11DB2ZG7H2 - 
295791128. 33215S08D. 
36563B91B. 403284844- 
.S52B91D8B.1B43677B64- 
27-70710 31.00355 

5.38449 5-98449 

3-5X823 3.51823 

37.209B1 40.5122B 


RATE. ESCALATION RAZE. -PERCENT - nn 

PERCEKT^^^f.OO^^_ 7-’6824712. 738324712. 738824712, 738824712. 

-|’S “^345377* ^"294597^* “^94597^* ^6234537^* “zSWmL' 

in"n 711824701 711824701 78682470. 78682470. 78682470. 

^ :§ 102li44’8a;iDl35442sLlD2ls442B8.102354423B.1023544288^ 

io*g iffliiilf* IlllliiiS; 3ass3527§; 

"1*11^43 "II 5 I 44 I "il384?9 141111 

:□ 2i:70D79 si'-iioll 40:00245 42:39111 3i:88510 


_ACCOyKT. 

TOTAL DIRECT COSTS iS 
INDIRECT COSTfS 
PROF B owner costs .S 

— contingency cosr.s 

SUB TOTAL fS 

In IRES? DURING CONSTfS 

COST OF ELEC-FUEL 
COST,. PF_ ELEC-OP S HAIH 
—TOTAL COST OF ELEC 


RATE. 

PERCENT B.QO ^ 
786824712. 

51.0 1Q1D91141- 

8.0 62945977. 

10.0 78S82470. 
,D 1029544288. 

5-5 SOaSBZTflO. 

15.0 218093266. 
.0 1555225312. 


26 .0 8986 
5-99449 
3.51823 
35.59258 


int during COHST.PERCEHT 

71kI? 4712. 786024712. 726824712. 786824712. 
iainlll41 lQlD3il4ir lDinill41. 1D1091141. 
“IsIsItV. ^62945977. ^62945377.. G294S977. 

7ftKRP47n 78682470. 786B247D. 78662470. 

1D2II442 8 8 .10295442 Bb1iC2354428B .1029144288 . 

; llllli: llglliilS: l“8ll§lia"4: ifllgl : 

:ie3|53028B.171||5J280.182703||S|^ 

! iiiii iilfoll 1:11^3 . 

J 35-92211 38.31063 4Q.132BB . 42-05507 




^C^NO HHD-STEAH BOTTOKI?^C COST OF ELECTRICITYfKILLS/KM *HR 

PARAKETRIC POINT NO* 1 


ACCOUNT 

TOTAL DIRECT COSTSfS 
INDIRECT COSTfS 
PROF 8 OWNER COSTStS 
CONTINGENCY COSTtS 

SU3 TOTAtfS 

ESCALATION COSTfS 
IHTREST DURING COWSTtS 
TOTAL CAPITALIZATION fS 

COST OF elec-capital 
COST OF elec-fuel 
COST OF ELEC-OP & MAIN 
TOTAL COST OF ELEC 


ACCOUNT 

TOTAL DIRECT COSTS fS 
indirect COSTfS^, ^ ^ 
PROF 8 OWNER COSTS iS 
CONTINBENCY COSTfS 
SUB TOTAL iS 
escalation COSTfS 

INYREST during const fS 

TOTAL CAPITALIZATION! S 
COST OF ELEC-CAPiTAL 
COST OF ELEC-^UIL 
COST OF ELEC-OP S MAIN 
TOTAL COST 0=^ ELEC 


ACCOUNT 

TOTAL DIRECT COSTSrS 
INDIRECT COSTfS 
PROF 8 OWNER COSTSfS 
CONTINGENCY COSTfS 
SU3 TDTALfS 
ESCALATION COSTrS 
IHTREST DURING CONSTfS 
TOTAL capitalization fS 
COST OF ELSC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP B MAIN 
TOTAL COST OF ELEC 


(lATSi FIXEn CHARGE SATE* PCT 

percent lE.DC T-illATlZ. TsIsIStIS. TlllsfflS. TafliJfiR. 

■ 

l ip : i l 

c*oQ|i43 5*9B4R-3 5*984R9 

shlllli 3l:liEB 


51. C 
B.G 
10.0 

• 0 

E.5 
10. D 

.0 

25. D 

.G 

.0 

«D 


2.50 1-02 

7?EB2R71Z. 7E6824712. 
lOiaail^l. 101091141. 
g2945377. 6295S277 . 

736S2470. 7B68247D. 


FULL COSTf $/lQ»^E BTU 
.05 

7'C524712. 706624712. 

171091141. 131031141. 

C2945977. * 

larlllMRl 3 &C 2262 I 4 . 380226224. 3 OC 226 224. 3 80226224. 

3 52023 5.93449 10.56085 17.60143 7.18138 

3&11 .turn A:Ufii 


RATEr 

OiRCINT .53 

,D 7Q6824712. 

51.0 101391141. 

8.0 67945977. 

10.0 79582470 

.0 

5.5 
10.0 
.3 

18.0 

.3 
• C 

.3 


RAT*^f CAPACITY FACTORf PERCENT 

percent i2.DC 78le2A712. 73S82*S712. 7 b|82%“712^ 

* - irirqiitti 1C1C91141. IDIO 91141. 1C1021141. 101091141. 

52945977. 62945977. 62945977. S2945977. 

7PE8l470: 7 Ig8247C. 78682470. 78682470.^73682470. 

102954 4288.1023544233.1029544288.1023544288.1029544288. 

'*‘TnAqfl?7sn!. 3P8582780* 3C8502780. 308582780. 308582780. 

330III22?; I?! Illlli* |8q2?|Z2!i. .33D22522A. ,38022|224. 


51. D 
3.0 
10. D 

.□ 

6.5 

10.0 

• 0 

13.0 

.0 

.9 

.0 




5.98449 
3. SI 823 
165-54559 


5.98449 

3.51323 

51.11414 


5.9B449 
3.51823 
46. 35300 


5.98449 

3.51823 

38.31063 


5.98449 
3.51823 
32 .90914 


Table 9.18 SC NO 3 OPI^^ CYCLT M*J3~STIAM ?0TT0HIN: 


laoxe 3 .XO ^ 

ACCOUNT NO AUX POHeO.KHE ^ PERC PLANT P0K_ OPERATION C0|T MAINTENANCE CCST 

% 1093.91193 '“SS 25 

B ^^•*?,'}innn 'olono ll*.ll 9 ll *.DOnDB 

» 13 -S ® ^"^0 •.* 

u i:t 88J7 ^“.llioa .00000 

■1-nT.i 71 *^73?4 3.*79si3 5C34.0SS85 21.Z50B3 

! bC NO. 3 OPEN CYCLE KHD-STEAK BOTTOMING CA|| _ 1085. 


NOH^hIaT rate* btu/kh-hr 

OFF DESIGN HEAT RATE 
COMOENSER ^ 

design pressure* in HG a 

number of TUBES/SHELL 
U» BTU/HR-FT2-F 

heat rejection 

OESrSN TEMPf F 
OFF^OEStGN PRESf IN H3 A 

1 1957-COD 2 

5 B30.3a0 ,7, 

11 1.000 12 

15 2-QOD 17 

21 -DOO 22 

25 gSlZOQO.OOD 27 

31 I.OOO 32 

3B 5100000.003 37 

41 157000.000 42 

46 1.003 47 

51 368. ^»0Q 52 

2S3.Q03 2 

6 163.000 7 

II 143D.OOO 12 

16 150-000 17 

21 233.033 22 

It l.QOD 27 

31 137.033 32 

36 3O0D.OD0 37 

7jl 35000000.033 42 

46 .000 47 

SI 23803000.000 52 

5G l.OCO 57 

'*^E1 12003303.000 |2 

66 l.OCD 67 

71 -030 7^ 

76 -OCO 77 

■ B1 7699.000 82 

86 *000 87 

91 .000 92 

96 .ODD 97 

iOl 2.009 L3’ 

106 294C.0D0 107 

III 130.003 112 

111 .000 117 

-121 " .000 12 ? 

126 •QOD 127 

131 .000 132 

135 *000 137 

'141 912.030 142 

146 96.000 147 

151 S.003 152 

y| 4SC.DC0 157 

"161 1100.000 152 

^6 .000 167 

171 -030 172 

175 .000 177 

191 I.2QU 132 


1957.0030 

6783.7972 

1.0230 

2.Q030 

5S29.9S6S 

508.9535 

51.4000 

23.0000 
3.3031 

*COO 3 
2.330 3 

3E9.4C0 13 

234.000 18 

E950C.0C0 23 

15000.000 23 

3635. EQO 33 

470.030 33 
77E0LC.CCQ 43 

.090 43 

5-35D 

144.000 o 

350.000 e 

150.000 13 

509. COO 18 
292.330 23 

l.QDO ze 

274.030 33 
3PCC.0CC 38 

.030 43 

E59D0CC.000 40 

.000 53 

1.000 58 

.330 53 

.rcc 68 

.339 73 

.nCD 7£ 

169.009 33 

.COO 88 
.900 33 

.CDC 98 
3543.930 193 
IPCC.nOD 103 

564.000 113 
.CCC 113 
.DOO 123 
,D00 128 
.990 133 
.000 138 

2135.990 143 
4e90C.CD0 148 
?.t30 153 
225. CCD 158 

1.009 163 
l.OCO 160 

4039390.030 173 
1.3D0 170 
« 0 D 0 


net heaI^rate! btu/ku-kr 

NUMSER OF SHELLS 
TUBE length* ft 
TERMINAL TEH? OIFFt F 

APPROACHf F 

OFF design TEKPf F 

L? TURBINE BLADE LEN* IN 


.514 4 

1337.300 9 

1.000 14 
3. DOO 13 

.000 24 

24093.000 29 

.ODD 34 
l.QOD 33 
165C0.00D 44 

3.000 49 

16.400 4 
159. DOD 9 

131.000 14 

150.000 19 
l.OOD 24 

1.000 29 
'^23. ODD 34 

3QCD.CDC 39 
73OQ0O.OOD 44 
.QOD 49 

530033.000 54 

1.000 53 

15?390j3.DOn 54 

.DOO 

.000 74 

.000 73 

2397.000 84 

.000 89 

.000 94 

450. DOD 99 

1323.000 104 
5 85.500 109 
137. 2QD 114 

.000 113 
.000 124 
•000 129 
,000 134 
.000 139 

73.400 144 
12CCD.DDD 149 

3533.000 154 
12 CD. DOC 159 

•000 164 
''18DC0C0.DD0 169 
.000 174 
.413 179 


6633. see 5 
S.ODG 10 

4 .000 15 

5. 000 20 

355D.000 25 

2250DUD.0QD 30 

.700 35 

l.DDO 40 
13SCD0D.CCr 45 
l.OOD 50 

96.009 5 

3305 .000 10 
ISO.OOD 15 

49.700 20 

1.000 25 

1.000 30 

1225.000 35 
970CC0DD.PDC 40 

,000 45 

119COOOD.DOD 60 
,030 55 

365D0D0.0DD GO 
,QOn 65 
•ODD 70 
.000 75 

725.000 80 

111.000 85 
.fIDO 90 
.flOD 95 

5183.300 ICO 
11316. DDO IDS 
513.600 110 
fZO.OQO 115 
.000 120 
.000 125 
.000 130 
.ODD 135 
.000 140 
40.900 145 
43 .DOC 150 

110.000 155 
SCO .ODD 160 

.000 165 
33FCDGD.00D 17C 
•QQQ 175 
.000 180 


' Z 


5 , 
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The thermodynamic states of the gas at various points in the 
cycle for Base Case 3 are shovm in Table 9.7 near the bottom. The points 
reference in this table refers to the numbered stations on the cycle 
schematic (Figure 9.2), Table 9.19 presents the efficiency summary for 
Base Case 3 (Point 1) and its variations. Table 9.20 is the summary 
detailing the major component material costs and cost of electricity for 
Base Case 3 points. The same major component groupings are used here as 
in Base Case 2. Table 9.21 lists the natural resource usage for each 
Base Case 3 points. 

Base Case 3 has a substantially higher capital cost than Base 
Case 2 due to the cost of the gasifiers and the increased magnet costs 
(more than twice that of Base Case 2). The increased magnet cost is 
largely due to the higher MHD pressure ratio used and partly to the 
increased hydroxyl ion in the gas due to the steam addition in the 
gasifier. In addition to the increased capital costs, the O&M costs of 
this point are more than 0.694 miil/MJ (2.5 mills /kWh) higher than that 
of Base Case 2. Both the high capital cost and O&M can be reduced by 
better choices of parameters. 

The high pressure level of this cycle was chosen to reduce 
gasifier size and cost. According to Figure 4.32, the gasifier cost 
penalty is very small compared to the magnet cost penalty. Since 6 or 
7 appears to be close to the optimum pressure ratio for a 2700®F (4400"'F) 
combustor temperature (from Base Case 2 results), a substantial improve- 
ment in energy cost should result from a reduction in the cycle pressure 
ratio. 

Since it was not necessary for the seed material to collect 
sulfur in this case, cesium was chosen as the seed material, with a 
concentration of 1%. The precipitator efficiency was set by the par- 
ticulate emission standards (99.53%). Due to the high cost of cesium 
[assumed to be $2. 87/kg ($1. 30/lb) in the form of pollucite ore], the 
cost of makeup is rather high. If more efficient precipitators were 
specified, a lower seed concentration used, or potassium used as the 
seed, seed makeup costs could be substantially reduced. 
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Table 9,20 


BC NO 3 OPEN CYCLE tiHD-STEAH BOTTOHING SUKHARY PLANT RESULTS 


parametric point 


total capital cost tHS 

HHD COMBUSTOR tH$ 

HHD 3ENERAT0R OUCT »HS 

magnet fi refrigerator »HS 

HIGH TiHP MEAT EXCHAN3ERS tHS 
SEED recovery SYSTEM tHS 

INVERTER-TRANS^^ORMER SYSTEHtHS 
COMPRESSOR S DRIVE tHS 

STEAM TUR3-GEM *H« 

TOT MAJOR COMPONENT COST iMS 
TOT MAJOR COMPONENT COSTtS/KWE 


»S/KME 

vS/KHE 

r$/KUE 

irS/KWE 

9$/KUE 

»S/KWE 

tS/KHE 


balance of plant cost 

SITE LABOR 
TOTAL DIRECT COST 
INDIRECT COSTS 
PROF S owner COSTS 
3 CONTINGENCY COST 
R ESCALATION COST ^ ^ 

E INT 0URIN3 CONSTRUCTION *5<KHE 

A total capitalization *s/kwe 

K COST OF SLIC-CAPITALfttriLS/KWE 
D COST OF ELEC-FUEL rMILLS/KWE 
0 COST OF • LEC*-0P8HAlNfHILLS/KWE 
W TOTAL COST OF ELEC rHILLS/KWE 
S COE 0.5 CA®. FACTOR rMILLS/KWE 
COE 0.8 CAP. FACTOR 
COE 1.2XCAP. COST 
COE l.?XFUEL COST 
' COE f C0NTIN3ENCY=31 


COE tESCALATI0N=0» 


fHILLS/KME 

,HILLS/KW£ 

rHILLS/KHE 

rHILLS/KME 

fKILLS/KHE 


17I3.35 
•631 
1.757 
16<l.a03 
43.055 
* 25.800 
BS.478 
17.430 
24.330 

343.610 
135.408 
126.747 
iaS.12Q 
417.275 
53.611 
33 .382 
41.727 
163.650 
201.644 
311.290 
28.808 
5.984 
3. 518 
38 .311 
4E.9S3 
J2.9D9 
44.072 
. 33.508 

36.133 
31.885 


1347.88 

.5C5 

1.047 

104.540 

29.340 

18.020 

38.234 

15.400 

17.410 


569.95 1487.64 


.354 
• 543 
71.124 
14.900 
10.610 
18.419 
7.880 
9.810 


•593 
• 703 
04.323 
47.307 
25.230 
71.971 
16.200 
19.580 


224 

19B 

134 

112 . 

445. 

57. 

55. 

41. 

157. 

113. 

926. 

29. 

B. 

3. 

33. 

47. 

33- 

45. 

40 

17, 

33 


556 133 
625 236, 
111 148 
601 123, 
337 513 
425 55, 
627 41 
871 44 
DID 156 
604 184 
,8741007 
301 31 


157 

748 

206 

995 

,712 

_0G6 

.437 

032 

155 


6 

4, 

42 
51. 
36 
43, 

43 
40, 
36 


,641 265 
.152 140, 
,817 122 
,830 35, 

-739 356 
,703 48, 

-1D4 28 

,564 35 

-399 141 
,992 174 
.161 787 
,839 24 


325 

.141 

.306 

.857 

•336 

.673 

,571 

172 

331 


5 

3. 

33 

41, 

23 

33 

34 
31 
28 


•908 

.735 

.692 

,357 

.744 

,637 

.639 

.870 

.427 

.255 

.832 

.899 

.628 

.339 

.866 

-335 

.197 

.346 

.991 

.973 

.313 


1527.93 

.437 

1.336 

147.356 

46.204 

24.740 

78.939 

16.700 

17.060 

332.891 

175.217 

118.701 

98.454 

392.382 

50.217 

31.391 

39.253 

153.928 

133.589 

856.659 

27.087 

5.421 

3.218 

35.726 

43.852 

30.547 

41.144 

36.810 

33.554 

29.582 


•00 

•000 

.000 

•000 

.000 

.000 

•ODD 

•DOD 

.□OD 

•ODD 

• ODD 
.000 
.000 
•GOD 

• 000 
•GCO 
• ODD 
•DCO 
.000 
.000 
.000 
•ODD 
.ODD 
.000 
.000 
•ODD 
.000 
.ODD 
.000 
•ODD 


7 8 


.00 

.30 

.ODD 

•000 

• 000 

• 000 

•ODD 

•OOn 

• 000 

.000 

•ODD 

•OOn 

•ODD 

.□DO 

.000 

. .000 

• ODD 

• ODD 

•COD 

.00 0 

.000 

•000 

.000 

.000 

.000 

-ODD 

.000 

.000 

.□□□ 

.000 

• ODD 

.000 

• ODD 

• ODD 

.COO 

•ODD 

• □□□ 

.000 

.POO 

.ODD 

• ODD 

•ODD 

.000 

.ODD 

•000 

.000 

•DOD 

•ODD 

.000 

.□DO 

•ODD 

.000 

.000 

.ODD 

•too 

• ODD 

.000 

• 000 

•DQO 

.000 
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Table 9,21 BC NO 3 OPEN CYCLE HHD-STEAH BOTTOKINC NATURAL RESOURCE REQUIREPE^TS 


PAPAHETRIC POINT 12 3 

XOALt L3/KW*KR .64305 .66731 .o86B3 »S1044 -SaTaZ -OgOOg 

SORBAKT or SEEDpLB/KW-HR .33756 .34730 •35677 •3175D -30578 *00000 

TOTAL MATERf 3AL/KW-HR .558 .535 .630 .481 .438 .000 

COOLING UATER .516 .552 .58$ ^ nrlSSS 

' Gasifier <*roc^ss hzi .dsssg .33752 .o^as4 .33433 .03ai2 .oogoo 

CONDENSATE HAKE UP f .004R3 .00527 .OCSfO *00423 *02304 *00000 

WASTE HAN1LIH3 SLURRY .0000 .0030 .lOOD *0009 -OOgO .0000 

SCRUBBER WASTE HATER .DDQOQ .OOOCG .OCODD .00000 .00000 *gSSSg 

NOX SUPPRESSION .00000 .03000 *00000 *00300 -gO^Sg 

TOTAL LAND ACRES/IDOKHE 91.43 IDG. 11 113.56 85.26 J1 •J? *2S 

HAIN PLANT 12.41 1S.B8 2S.5B 12.38 12.33 .00 

DISPOSAL LAND 55*88 57.50 59.07 52.56 50*62 .00 

Land for access rr z3.14 25.73 2B.92 20.22 18.18 .co 


7 

.00000 
.00000 
•ODO 
.000 
•30000 
.coooo 
• 0000 
•OOQDC 
•00000 
•QD 

•00 

.00 


33RXPT PRINTS 


D & 

; -.1 








On the negative side, the air and fuel gas must be preheated 
to high temperatures in order to obtain the desired flame temperature 
(Table 9.7). Even in the absence of slag and sulfur, the materials 
problems of these heat exchangers are significant. The fuel gas contains 
hydrogen which reacts with silicon carbonate at temperatures over ISEQ^K 
(2400°F) (Appendix A 9.2). It will probably be necessary to preheat the 
i air to even higher temperatures ['ll 1900®K (2960“F)] if the fuel gas 

preheat is limited. 

Points 2 and 3 are scaled versions of the base case, and the 
energy costs increase slightly because of this reduction in station size. 

In Point 4, the preheat temperature of both the air and fuel 
I gas was increased by 333®K (600“F), with a corresponding 155°K (279“F) 

! increase in combustor temperature. The increased recovery of heat to the 

MHD plant results in an increase of efficiency of three points to 51.8%; 
and the increased gas conductivity reduces the magnet cost by $80 million. 
The total results is that energy costs are reduced to 1.222 mills /MJ 
(4.4 mills/kWh) below the base case. 

Point 5 has an MHD pressure ratio of 15 with the gamp preheat 
conditions as Point 4. The efficiency is two points better than that of 
Point 4, but the equipment cost is $66 /kW more. The result is that 
energy costs are 0.5 mill/MJ (1.8 mills/kWh) greater than for Point 4. 

9.4.3 Base Case 1 and Variations 

The detailed accounts listing, cost of electricity summary, 
and input-output sheets for Base Case 3 are given as Tables 9.22, 9.23, 
and 9.24, respectively. In this case, 67.03% of the total direct cost 
are found in Accounts 11, 12, 13, and 15. The cost of some of the major 
component groupings were $71,200,000 for the superconducting magnet, 
$17,600,000 for the steam turbine-driven compressor, $26,400,000 for the 
steam turbine generator, $58,980,000 for the heat recovery steam 
generator, $212,600,000 for the air heater system, and $62,930,000 for 
the inverter system. The thermodynamic states of the gas at the various 
points in the cycle for Base Case 1 are shown in Table 9.9 near the 
bottom. The point reference in this table refers to the numbered 
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Table 9*22 3c NO 1 OPEN CYCLE HHC-STLAH BOTTOMING ACCOUNT LISTING 
_ . ..^PAB&HttRIC. PDIfiT. WD, I . - . - . 

ACCOUNT NO* S NAMEr UNIT AMOUNT HAT S/UnIT IMS S/UNiT HAT COSTrS INS COSTrS 


SITE OEVELOPMENT 

1. 1 LAND COST ACRE 2S3.D lOOO.OO *00 

_ a •^ clearing . LAND ACRE. fil^7 *0a BflIUDa 

1* 3 GRADING LAND ACRE 263*0 *00 3DOO«00 

!• H ACCESS railroad MILE 5*0 115DQ0*D0 1ID00D*D0 

I* 5 LOOP RAILROAD TRACK MILE 3«0 120000*00 70000*00 

..SIQlNB-.RJt-IRACK. H.ILE J3— .^125000 * DO ~.DaOOa*J?a.- 

DTHER SITE COSTS ACRE *0 *00 *00 

““ “ ““ 1 = .570 ACCOUNT TOTAL*$ 


1- 7 

PERCENT TOTAL DIRECT COST IN ACCOUNT 


263000*00 

*. 00 . 

• 00 

575000*00 

360000*00 

- - 

534540*10 

1732540.03 


•00 

52SB4..74 - 
753000*00 
5500D0.0D 
210000*00 

--*00 

534540*10 

2136134*81 


EXCa1?AT10N 5 PILING 

2* 1 COMMON EXCAVATION Y03 2880Q0*0 
Z. 2 PILING FT 758000*0 
^ERCEN T r OTAL DIEECT^COST ..IN ACCOUNX. 


*00 3*00 

5*50 B*50 

-525 ■ ACCDUNT TOTAL»S^ - 


•00 864000*00 
499Z0Q0.DD 6528000*00 

-4992000*00 - ^32000^0- 


PLANT ISLAND CONCRETE 
PERCENT TOT«L DIRECT COST IN ACCOUNT 3 = 


j;Oj.i)Q Bmm.. BJZcoonjiQ -TsaoDoo.oa-. 

*00 *00 *00 *00 
2.123 ACCOUNT TOTALtS 6720000.00 76B00DD.00 


'HEAT' REJECTTOW "SYS i tW 


1 CODLttNG TOWERS EACH 

2 CIRCULATING H20 SYS EACH 




28. Q 


•00 *00 423BD00.00 2142000*00 

*00 *00 1B5B36G.62 2483357.53 

*nO *00 . 30&SJB3..4-4 . . 47 432E--S3- 

2*112 account TOTAL* $ 9220730.00 5105283*00 


5. 1 STATU STRUCTURAL ST* TON 33CQ.0 

5* 2 SILOS S BUNKERS TPH 619.7 

5* 3 CHIMNEY FT 40G.Q 

S* 4 STRUCTURAL FFATURF S FACH L 

PERCENT TOTAL DIRECT COST IN ACCOUNT 5 


650.00 175*00 2145000*00 577500*00 

1800*D0 750*00 111544B.92 464769.55 

.00 .00 435070*92 552606.38 

L-nc. 2£anon*nn .^ 143000*00 - 2 £aooa.oa, 

.989 ACCOUNT TOTALtS 47435X7.81 1962875.34 


aOBLDXHQS- 


D. 1 STATION BUILDINGS FT3 8375DD0.0 

6* 2 ADHINSTRATION FT2 1500D-0 

3 WAREHOUSE 8 SHOP FT2 24DLD.0 

co st XN acc ount . £. 2 


*16 *16 1340000*00 I340DDD.DQ 

16*00 14.00 240000*00 210000*00 

12.CD 8*00 2830DD.00 13200D.QD 

32 account IOIAL^S J.a£80flIU0a- -1742000*00 


FUEL HANDUING 8 STORAGE 
7* t COAL HCNOLING SYS 


■ TPH- 


-&49.2. 


7-2 DOLOMITE HAND. SYS TPH 15.5 

7. 3 FUEL OIL HANO. SYS SAL 26PG000.G 

PERCENT TOTAL DIRECT COST IN ACCOUNT 7 : 


.no .on T 1 779 204.0a -4-7X5334^94- 

•00 *00 300824*55 195435*57 

*0C *00 230B3S.D1 227826*41 

2.575 ACCOUNT TOTAL** 12331364*50 5138596.87 


a CRUSHER TfiH 


3» 3 gasifiers 
PERCENT TOTAL DIRECT COST IN ACCOUNT 


.0 

S13ls1- 

• 0 


a = 


*00 *00 *00 

*na.JL17Jl6S2fiitSa .a66JlX79tL*12 

.00 *00 *00 795.X2 

2*703 ACCOUNT TOTAL*$ 11736526.50 6601796.12 


.*.oa . 



3 ^ ■■ 
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Table 9.22 
Coiitriftiea 
ACCOUNT NO. 


GC NO 1 OPEN CYCLE HHS-5TEAH 30TT0HING 
. _ _ .PAMhEJRXC J^OIfiT 


ACCOUNT LISTING 


a NAHEt 


UNIT 


AMOUNT HAT S/UNIT INS S/UNIT HAT COST»« INS COSTtS 


FIRING SYSTEH 

3. 1 CONTtAiNHENT STEEL HP 

Vr^'^cx~si:Lrl^K^^^ kp‘ 

3* A BRICK- HGp ^ . KP 

S. 5 BRICK tINSULATINBi KP 


A17.1 

. 3 , 

219.0 

R 2.8 


3A,,^TMi:;^RAL...S T£^ KP , JQ1*.5.. 

percent total direct cost in account 9 = 


153.00 

ISCL . iaD - 

X5Q.00 


350.00 

„ 3305 ^ 00 . 

.00 

131.00 

159.00 

5Q3.ilQ , 

.238 ACCOUNT TOTALS* 




^ 15 £. 


00 

HD - 


1R5985.0D 

J.0ia^i21^AB 

*^ 1 S 3 * LS 5 .SD 

1A13332.3S 


86318.30 

. 4 B 3 % 5 . D 0 . 

.00 

32850.00 

6330.00 

,. ATDS 4 . 0 a . 

201537.90 


YAPQR. G£liERATDR (flREDJ 




.0 


ENT TOTAL DIRECT COST IN ACCOUNT 10 


.00 .00 

.000 account TOTAL tS 


• DO 

.00 


.00 

• 00 


ENERGY CONVERTER 
11. 1 DUCT insulation 8RICK KP 
11. 2 DUCT CONDUCTING 3RICK KP 
-Hf.-^JlU£I STRUaT URAL -STEEL KP. 

11. 4 DUCT COOLING TU9ES KP 
11. 5 SUPERCONDUCTING HAT EACH 
11- 6 HAGHET STRUCT STEEL EACH 

11. 7 N ITROP-ER LXaUIEIEB EAHE 

_ 

EACH 
EACH 
EACH 


11. 8 HELIUM LIQUIFIER 
11. 9 COMPRESSOR 
11.10 COMPRESSOR DRIVE 
" I ^ H -^ XURS .^ CEN ^ 


UaTER' heaters PLANT 


15.1 

18.1 
125. E 
233.9 

1.0 

1.0 

1.0 
l.D 
1.0 
1.H- 
I.O 


137. DO 
500.00 
ZGDa.Dn . 
3000.00 
23539959.75 
3413SS99.5D 

723flD.DD,. 

242100.00 

srooooa.oo 

10400000. 00 
249LCDDD.DQ 
603QOO.QO 


274. DO 
1225.00 
3000 .00. 
3D00.00 
7399393.94 
.00 
- aiDD ^ on ^ 
2690C.00 
57DS32.99 
832209.72 
1303582. 3X 
IB090.00 


2474.22 
9030.00 
- 376800.00 
701399.99 
29599993-75 
34193999.50 
__7290O*OD 
24Z10D.Q0 
5800000.00 
1040Q0D0.0Q 
Z49DQDDD.OO 
603000.00 


PERCENT TOTAL DIRECT COST IN ACCOUNT 11 =17.450 ACCOUNT TOTALrS 10E9D7702.D0 


4948.44 

22123.50 

376600.00 

701399.99 
7399993.94 

• 00 

. aiOO.OD 

26900.00 

579999.99 
832209.72 

1509982.8X 

18090.00 
11460553.75 


CinjPi:THO"HEAT ■ EXCHANGER 

12. 1 HIGH TEMP SUPERHEATER EA 1.0 

12. 2 REHEATER 6 EVAP SECT EA 1.0 

^.^-.3^E,Cpj4pHX2EOECTrON EA_ 1.0 

IN ACCOUNT 12 : 


3392279.97 1698139.98 339227S.97 1696139.98 

9509360.00 6606233.94 9909360.00 6606239.94 

2616600.0.00 1121.400a.00 . 26166000.00 11214Q0Q.0D 
: 8.694 account TOTALrS 39467639.50 19516373.75 
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Tnble 9.22 
CofiClnued 
ACCOUNT NO. 


5C NO 1 OPCN CYCLE HHO-STEAW 3OTT0K1NG 
PARAliEIRIC POIilT NO^ 1 


account LISTTHG 


B NAHEf 


UNIT 


AHOUNT HAT S/UNiT INS 4/DNIT MAT C0ST»^ INS COST»$ 


HEAT RECOVERY HEAT EXCH. 

13. 1 CERAMIC TU3IN" 

13. 2 EXOTIC metal TU^rS 
13. 3 STAINLESS STEEL tUE:_ 

13. 4 tube CERAHIC COATJNG 
13. S INSULATION FOR REOEN 

8 CHECKER SRlCKS 
13. S INSULATION SFA HEA 
13.10 CONT ST SFA heater 

13.11 STRU ST SFA HEATER 

13.12 BURNER SFA HEATER 

13.13 HIGH TEHP VALVES 
13^1<L^P.K£HEAI£I1 JOS EIRU 

13-15 FUEL CAS PIPING 
13-16 CDHB AIR PIPING 
13.17 RECIRC AIR PIPING 

13.18 PRODUCTS PIPING 

"T3.13 RECIRC aspirator 

13.20 headers 

13.21 SEALS 

■ 13*22-£0NCR£I£. .. 

13.23 EXPANSION JOINTS 
PERCENT TCTAL DIRECT COST IN ACCOUNT 13 


HP 


'564C.GD 

1008.00 

KP 

8184. Q. 

11315. DC 

E72n.CL 

S KP 

6690. C 

2940.00 

13O0-Q0 

KP 

164-0 

585.60 

513.80 

KP 

4393.0 

230-40 

180.00 

„.KP- . 

. ^0.4-0..., 

.... 5B4.0D- 

lai^D 

KP 

2034.9 

420-00 

196-30 

KP 

78060-0 

435-60 

IPC.OD 

^ KP 

20145. C 

230-40 

IQC-00 

KP 

4.074^0 

. .420^00 

. .J.9L.8C 

KP 

BSB-0 

564.00 

187.20 

EACH 

40.0 

3336D.0D 

.00 

EACH 

70. C 

79456-80 

27G0-Q0 

:^sm 

53Z2U3^_ 

855*6il 

_ s£a-aa 

TON 

312-0 

S16.0Q 

374. BO 

TON 

2940-0 

238. 6D 

25D-8C 

TON 

1-n 

-GO 

-00 

. TON . 

3245.0 

. 717.6.0 

363. BD 

TON 

1.0 

^77200.00 

30120C-DD 

KP 

854.0 

912.00 

2138.00 

EACH 

7441.0 

20-40 

40-80 

.YH3 

-^7J5>D^ 

i4.JJD 

aE^DDL 


=31-335 account TOTALfS 1 


62D3520. 

19668600. 
98033, 
10121 
. ,115056. 

375230. 

1C5C7GH7, 

I711D60, 

402734. 

135B4Q0, 

5561375. 

-.4600581, 

25459Z. 

702071, 

Z33G7E4i 
277200. 
B 32 328, 
151796 

.. iuioo. 

4 8000 
■‘r7CEQ 


DO 

,00 

40 

.20 

00 

.00 

87 

.34 

DO 

.00 

GO 

,94 

.00 

99 

hi 

.78 
.00 
00 
.40 
.DO 
• 00 
DC 


723744.00 

41556480.00 

12042000.00 
B423Q.40 

730/40.00 

33186.80 

397627.20 

6654400.00 
3628100-00 

777313.20 
160243-20 

l3320D.0a 

5056437-56 

272937-6Q 

737351-99 

-00 

1200460.78 

3D1200-D0 

1482384.00 
3D3592.90 
3624 00-0^ 

12000-00 

74975032.00 


WAlEJf TREATMENT 
14- 1 DEHINERALIZER 
14. 2 COMDENSATE POL; 


GPM 342. n 

KUE 1174500.0 
I COST -IhLJmtlDmr 14 .= 


2QC0.00 BSD. 00 633963.23 191509.71 

1.25 .30 1483124. 97 352350.00 

,,,^337 -ACCOUNT.. TOllL^ ^152088-19 54 38S9.70 


POKER CONDITIONING 


15. 1 IN VERTER SYSTEM K _ lit? 

’ iS;“2m:L7ERS KftE iiSTSOld.n 

15. 3 STO TRANSFORMERS KKE 10B74BB.7 

PERCENT TOTAL DIRECT COST IN ACCOUNT 15 : 


.43^PP _4.13 frECZSOD.DO 

G.QO .73 7005000.00 

.DO .00 1606194-62 

9.547 ACCOUNT T0TAL»$ 59015S94-5D 


AUXILIARY MECH EQUIPMENT 

IS. 1 BOILER FEED PUMP &0R-KWL 1115775.0 1.67 

JL OTH£R PUMPS ^ K 3Z.-5 

15. 3>irSC SeRYTcE SYS KHE 1931065.0 1.17 

16- 4 AUXILIARY BOILER PPH 52DD0Q.0 4.DD 


.10 

.12 

.72 

.60 


PERCENT TOTAL DIRECT COST IN ACCOUNT 16 = 1.342 ACCOUNT TOTAL* S 


PIPE S FITTINGS 

17. 1 conventional PIPING TON 4000-C 

m 

17^ 4 RECIR PRODUCT PIPING TON 4J.D 

PERCENT TOTAL DIRECT COST IN ACCOUNT 17 = 


3000. GD 

45a.no-_ 

1200. OD 
12QD.GD 


18B3344.22 
.84.96 SB. 5L9 
2259346.03 
2080000.00 
7052358.81 


1800-00 X2DQOCOO-OD 
_22^.Da 1134DCD -DO. 
800-00 140400-00 

630.00 46000. OD 


3.127 account TOTALtS 13322400-00 


4374312.5X1 

5756913-67 


111577-SD 
115863^38 
1409677.42 
416000- DO 
2053118.80 


7200000.00 

5870DC.G0 

93SDD-0Q 

32000.00 

7892600-00 


Table 9.22 
Continued 


?C NC 1 OPEN CYCLE HHC-‘CT£A« 3C^TT0«INC 
- » PAfiAHIXHXC- FiJlNt-NO. a 


ACCOUNT LISTING 


ACCOUNT NO* 8 NAHtf 


UNIT 


AMOUNT HAT S/UNIT INS S/UNIT MAT COST*S INS COSTtS 


AUXILIARY ELEC LSUIPHtNT 

ISm 1 HISC MOTERStETC 1H«IA352,D l.**C 

J.B., 2 switchgear & HCC EAN KWZ 15<L9aS2*Q 1*25 

18. 3 COHOUITfCABLESfTRAYS FT 6335aOD.C 1.32 

la. 9 ISOLATED PHASE BUS FT 57D.0 51C.DC 

18. LIGHTING S COHHUN KWE 1931DSS.D .35 

_PCRfENT TOJAI .DIRECT 5Q.SI IN „fl.CCQUNJ JiG ,r 3..SJPJ& .ACCOUNT. 


mki 

1.3B 

H5C.0G 

TOTAL* S . 


252G29 .33 
525183.38 




control* INSTRUMENTATION 

19. 1 COMPUTER 
"19. 2 ITTHER CONTROLS 


THTOO^SS-WAS^TE SYSTehS 

20. 1 BOTTOM aSH 
20. 2 DRY ASH 
20. 3 WET SLURRY 
"20. 9 'ONSITE DISPOSAL 
2D. 5 SEED treatment 


STACK SAS CLEANING 

21. 1 precipitator 

2,^CRUSBFR ^ . 

21. 3 HXSC S.£EL S DUCTS 


“ 


iiifgg§:gg 

1E5CD.D0 

835C00.DD 

726D0C-0D 

139X5P0.C0 

r IN ACCOUNT 

12 

r .438 ACCOUNT TOTALt* 

2117500-00 

TPH £ 

• S.I 

£■^84992.37 

132124S.84 

5284399.27 

TPH 

5.2 

454357.83 

113739.46 

454957.83 

tph 

.0 

.DC 

.cr 

.00 

ACRE 271.8 

6491.62 

^u37.32 

1764492.31 

EACH 

I.O 

16441300.00 

8D9319S.94 

1E441D0D.0Q 

r IN ACCOUNT 

2Q 

r 8.321 account TOTALi* 

23346249.50 

EACH 

1.0 

24f eDDCD.DO 

36106CD.C0 

24D000PC.0D 

KW£ - 

*0 

- 15-66 

6.76 

.00 


1-0 

43QD0DD.00 

.00 

43000CC.00 

r IN ACCOUNT 

21 

r 4.715 ACCOUNT TOTAL *S 

28380000.00 


1G5QQ.00 

835CaO*OG 

85150D.D0 


1321242. 

113739.46 

2619528.37 

8098I9S.94 


381DDQ0.00 

.00 

.QD 

36100D0.00 


TOTAL DIRECT COSTS** 


42DC1G748.GQ 138338156.00 
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Table 9, 
3C NO 1 


liPtU CYCLE HHO-STEAM 30TT0HIN- COST OF ELECTRICITY f HILLS/K«. HR 
PARAH£TR1C POINT NO. 1 , 


ACCOUNT 


TOTAL DIRECT COSTS tS 
INDIRECT COSTfS 
^gOF OWNER COSTS »1 


rALtS 

no? 


^ CALATION COSTf* 

IN TBH $T nUB INO . CORS 1 15_ 
^OTAL CAPITALIZATIONfi: 
COST OF elec-capital 
COST OF ELEC-FUEL 
COST OF ELEC-OP 5 MftlN 
TOTAL COST OF ELCC 


rate* _ 

PERCENT G*UO 
•C 53CESB29&* 
31,C 54369115. 

.9.C 4772E613. 

11.0 65S3Etl7S. 
• Q 7GC143E646. 
6.5 287657094. 

. JLC^D„.5411i2£t3SZ. 
.0 1373199080. 
IS.C 22.C29S6 
.0 6.C4123 

-.C . . .*£fi77i 

.0 ?3. 75312 


LASOP .RAIEf */HR . - 


1 .5C 


IQ. 60 


:41114&a4. 879426896 
77D23197. 38052458 


i;i2831F3. 

?QS22CDa. 

S1S9495S2. 

2-»4C96924. 


15. CO 21.50 

75F6G5DCD. 072095576. 
13S923H9D. 194323380. 
BD5234QD.. B976763D. 

. B3226549. 95930490. 

9D33&0448 .1036283232 .1232616948 . 
316306376. 3628404/8. 431584024. 


54274151. 

74626353. 


. 3 7.4anD5J:4. 4n31045EB^462.4i]fll76^ 5Sa01£-76D_ 
15'139470T3.1S22791376.1361S31872.2214216SQ6. 
24.2LS7n 26.C3565 29.86365 35.52160 

8.04133 6.04185 6.C41B5 6.041BS 

.63771 .68771 . -^B771 . .69771 

30.93526 32.76321 36.59321 42.25116 


^.CQgUKI _ _ _ 

TOTAL DIRECT COSTStS 
INDIRECT C0S7*S 
PROF S OWNER COSTSiS 
^TnJNTIWBEKCY COSTtS 
SUB TOTALiS 
ESCALATION COST»$ 
IN TREST DURING CONST tS 

■nr)TAtn:wrAri^ 

COST OF ELEC-CAPITAL 
COST OF elec-fuel 
cost OF ELEC-OP 8 HAIN 
TCTM- cost OF ELec 


-RATEj* 

PERCENT -5. CO .CD 

.0 879426396. 576426335. 

95C5245B. ;EC52458. 

54274151, 4274 151. 

^3921344. D. 

73483Z132. 828753496. 


51. C 
s.o 
20.0 

6.5 
„ 3J3»D 

• C 

18. C 

.6 

.. .^0 

.0 


-CDNTXNfiENCYi PERCENX _ 
11. CO 

67342S836. 
96D52458. 

WiHih 

903380449, 


5. DO 

67S426896. 

96052458. 

54Z7„4151. 

53921344. 

862674840. 


20.00 

678426895. 

S505245S. 

54274151, 

135685378. 

964438S72. 

337685152. 


27829SGB4. 21D176764. 31630E376. 3D20538ED. 

^4659372. „ 3£ 3 30 4684... 4031^458 8... 3a4a4D396.t Jt 30 349936^ 
r427BGL176.14’ 873432c. 1622791376 .154SB69680. 1732473952. 


22.30550 23.3B305 26.03365 

6.64185 f.D41&5 C.Ci4185 

. .58771 .6.8771. _ _ .^9771. 

29.53506 3C. 61261 32.763P1 


24.86C59 27.73323 

6.P418S 6.04185 

.68771 .63771 

21.59015 34.52279 


ACCOUNT 


RAIEjt-^ 


ESCALAT.TOM JiAT£*-g£RC£N T ^ 


TOTAL DIRECT COSTS ♦$ 
INDIRECT COSTfS 
PRQ^F fi .OHltER C.0SLS1* 

TOTAL CAPITAL! ZATIONfS 
COST OF elec-capital 
COST OF ELEC-FUEL 
- q.Q5J-^ .UXC-QP,fi. .NAIN- „ 


PERCENT 5.0^ 6.5D 8. nr 10.00 .00 

.0 G7F42669e. 67542FBS6. C?m^ : LJIjI . C 78426896. 6 7B426836. 

360524 50. ' 5CS2458. ^45>?. 36D52450. 96052458. 

.._5ii2741;jl.„ 1.42J4111. I‘^iZT4Ll51.. . £14224151 . .54274151.. 

74626558. 75626353. 74628958. 74B2S9S8. 74G2B958. 


51. C 

ll.Q 

.0 
,0 


90328D44Q. 9L33B0448. 903380448 • 903360448. 903360448 


TOTAL COST OF ELEC 


235602156. 316306376. 402089364. 524839296. 

. la.C ^^fiP7M6^Q^J4il3ia45£6^.HZ&5Z24Ba>-4S973jS4£L.^14i]733Bg: 
.0 1519767232.15?2791576.1732D42272.13879539a4«1217454432. 
18. C 24.23085 26.05365 27.78631 30.28752 19.53103 

-p 6.041^5 6.04185 6.04195 6.04185 6.04185 

^ _*6a771_. . ^Ea721.. _„.6ai7J _.BE.721 . .68771 

.0 31.11044 32.76321 34.515B7 37.D17Q8 26.26059 


AC COUN T 


COST OF ELEC-CAPITAL 
COST OF elec-fuel 

^ total °COST^OF^&.ic^^" 


PERCENT 6. CD 
,0 678426d3£« 

51. C 9B05I458. 

- 5.4ZI4U5X, 

II. 0 74B26S58. 

.0 903380448. 

6.5 3163DB376. 


XNl JlUfilHG CDNSIjP£R£EMX . 
3.CC ■ ■■ 


"427415U 

i/4626S56. 

9l?33aQ440c, 

316306376, 


15.00 

67B42689S. 

96052458. 

54274151. 

74628958. 


.0 144672S192.1 
10. C 23.24124 

.0 6.C41B5 

. . kD ,_tam 

.0 29.97080 


10.00 12.50 

678426036. 678425896. 676425836. 

EE52453. 96C5245B. 9ED52458. 

54274-151*. _ 5.4274151. 

74626958. 74626958. 

’03390443. 903380448. 9D338D44B 

- 16306376. 316306376. 316306376- 

313796748. 4031045S2* 523^82549^^47.781400. 
S<34R?^,^?.iC.^773137&. 174 1169456. 1667460200. 

26.03365 27.93273 29.95888 

6.C418S 6. C 4 las 6. 04 185 

. . .5971 1_ .68771 .63771 

32.76321 34.68229 36.68844 
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Table 9.23 Continued - 

8C MO 1 OPEN CYCLE MHD-STCAK BOTTOMING COST OF ELECTRICITY »HILLS/KH-Ha 
_ _PAB.AH{:iEia-POXNT. JJD^..l _ 


ACCOUNT 


TOTAL DIRECT COSTS tS 
INDIRECT COSTiS 

- rai » f ' c " om ’* 

sua TOTAL #* 

TOTAL CAPITALIZATIONfS 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP g MAIN. .. 
TOTAL CdST 'OF ELEC 


^RATEjl^ 

percent^ 10. do 


5-HA.R0HLJ5ATJEjuE(;T 


•c 

51.0 

XI. 0 

• 0 

G.5 

lOiJl 


m.40 


IS.GD 


21.60 


678«*2E39S. £70426886. B73426B96. 676426B9B 


96052459. 
.54274151. 
74BZG958. 
903380448< 
163D6376. 


^6052458. 360S245B. 

JI42741S1. .,5.4274151a 


96052458. 

.i4Z74151. 

7462695Q. 
903380448 1 


25.00 

678426896. 

96052458. 

54Z741B1. 

74626358. 

303380448. 


74626958. 74626958. 

, 903380448. 9D3320448. 

3163D6376. 316306376. 31G3Q6376. 316306376. 3163D637B. 
4a31D45Ear_5D51L4S£a^ ilD310455J^^ .403101^558... 403104568. 

.0 ' 2'1«19270 Z7.SSG48 32.76321 37.96934 42.88741 


ACC0UU7 EliEL.XOSI, AyiXI**f^O-TU 


TOTAL DIRECT COSTStS 
INDIRECT COSTrS 

SUB TOTAL»S 
escalation COSTfS- ^ 

COST OF elec-capital 
COST OF ELEC-FUEL 
COST OF ELEC-OP S MAIN, 
rOTATT'CCrST OP ELrc 


PERCENT .50 
.□ 678425996. 

51 .0 96052458. 
8.0,,, 5427.4131. 

11.0 74626358. 

.0 9D33S0448. 


• 85 
678426B96. 
'^£052458. 
„54Z741B1a.. 
74626358. 


1.50 
673426896. 
9B05245B. 
542Z4151. 
74626958. 


2.50 

678426896. 

96052458. 

.54274151- 

7462695B. 

903380448. 


1.D2 

678426896. 

S6D52458. 

54274151. 

7462B958. 

9D33BD448. 


303580448. 903380448. _ 

E;5 3163D637G. 31630B37B. 3163D6376. 31630B37B. 31B3D637B. 

10.0_jm3iaH558j. JJi}3104568. 403104568.. .4il31E145£8- ,403104568 » 
“^rTG227^7^iG227913 76 .16227913 76. 1622 7 31 37B.1B2279137B. 
18.0 26.D33S5 26.03365 26.03365 26.03365 26.03365 

.0 3.55403 6.04185 10.66203 17.77D1B 7.25DZ2 

-0 *BB77J1 .,68771 . ^.58771 .68771. .68771 

-^2 7S39" 32.76321 3T.3B345 44.49151 33.97158 


ACCOUNT 


TOTAL DIRECT COSTS #S 
INDIRECT COSTfS 
PROF K OKNER COSTS_tS^ 
"eSHm^ENCY COSTiS 
SUB TOTAL?* 
escalation COSTiS ^ 

TOTAL CAPITALlZATIONfS 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-QP B_ NAXN 
“t0rarc6ST OF ELEC 




percent 12 


.0 

51. C 
^ ,8.D. 
11.0 

• 0 

6.5 


00 


,_CAPACiry_ f &CtllRi-.PEaCERT . 


45.00 


50.00 


65.00 


BO. 00 


67S42E896. 678426896. 679426896. 678426896. 678426396 


96052458. ^6052458. 96052458. 36D524SB- 36052458. 

, 54274151. £4274151. 542.74151., 54274151. 54274151. 

74G263S8. 74G2S958. 7462B9S8. 74626958- 74626358. 

903380448. 903360448. S0338Q44B. 903380448. 903380448. 
316306376. 316306376. 31630B376. 316306376. 31G3DS37S. 
m^C 403104568., 4031D45E8 .. 403104568 .,.4031114568,- , 403104568. 
^ .0 162279137G.167279137S.1S2279137B.162279137G-1S22731376- 

ISTC 141.01559 37.ED416 33.84374 26.03365 21.15234 

.0 6.04185 6*04185 6.G4135 6.04185 6.04185 

_jta ^?68J72_ j,68771 ,,.^^68771. . .60771 .69771 

.0 147.74516 44.33372 40.57330 32.76321 27.83190 


',rd 
O 
: rJ 






Table 

account no 

7 

6 

13 

Oil,™ 

10 

20 

21 

totals 


9 C NO 1 OPCN CYCLE HHO-STEAK J^liTJOKlNG 


AUX POWEft»M«F 

1 S. 77 D 32 

8*19669 

.srSGD 

•□GOOD 

.,_*DD£U 1 Q. 

15 . 35 *i 70 

21.54431 

Z.SDOOQ 


QC NO 1 OPEN CYCLE MHO- 
NOHINAL PONERt HWE 
NOH heat rate? 8TU/KW-HR 

_OIFF _ DESIGN >4i:AX.JiAT£ . . 

cQTJdeN^ER 

DESIGN PRESSURE I IN H6 A 
NUMBER OF TU3FS/SHEUL 
Uf 8TU/HR-FT2-F 
14EAT REJECtlON 
DESIGN TEHPt F 
RANGES F 

JlfE DESIGN -PEES JlK JiG A - 


FERC plant FOH OPERATION COST MAINTENANCE COST 
*sec:i 9C.3222S 2A*52256 

«3I447 *00000 *00000 

•04980 *00000 *00000 

.00090 147.02082 .00000 

.-pDliOED .. 31^93320 • -^0000 

^77 2-^2 •OnOOO .DQOOO 

l*C(V-3:3 607.42067 *00000 

*l?Sn .DOODD *00000 

2*155( 7 1355*14305 24*53258 

EAH BOTTOMING SASE CASE INPUT 
2032*7000 net P0WER» HWE 

BaaO*6577 NET HEAT RATEr atU/KU-HR 

_ l*a37Q.,. .. -- 

G.rCOO NUMBER CF SHELLS 

6030.5921 TURE LcNGTHt FT 
600*0525 TERMINAL TEMP ClFFi F _ 

31,4000 ?FPROACHr F 

23.Q0DD OFF DESIGN TEHPr F 

Z..SE3Z -LP lURZINE BLADE LEJIil IN 


1 

2032 . 70 P 

•> 

.DOC 

j 

.519 

4 

6577.700 

5 

S.DOQ 

6 

865.200 

7 

2 *rcc 

6 

1 E 22 .DOC 

3 

5 . 0 GP 

10 

3 .GCC 

11 _ 

- - l.QDO. 

-12 - 

- . 303.300 

13 

l.DOQ 

14 

.ODD. 

15 

«ODO 

16 

Z.OQO 

17 

263 . POD 

18 

3 .000 

19 

5 . ODD 

20 

3.000 

21 

.000 

22 

96000.000 

23 

.000 

24 

3300.000 

25 

400*000 

26 

8375000.000 

27 

ISGOD.nCO 

28 

240 r 0 . 00 C 

29 

26 GQ 00 C. 00 C 

30 

•500 

31 — 

_ 1 ^DDI 1 , 

12 _^-. 

jtnnn.noo-. 

- 33 . ... . 

1.000 _ 

-34 

.000 

35 ^ 

.800 

16 

69 B 5000 . 0 DD 

37 

57 D.CGD 

30 

i.cro 

33 

l.ODO 

40 

1048000 *000 

41 

268000.000 

4 ? 

7260 cn.r:cD 

43 

I 65 CG.QOO 

44 

1391500*000 

45 

Q 35 D 00 . 0 DQ 

46 

5 -OCO 

47 

i.roc 

48 

3 .C 0 C 

42 

l.DCO 

50 

3 . ODD 

.. Sl„ 

1 

. 109 . 3 D 0 

417*100 

52 

2 

5 *. 35 D 
326 . 3 DD 

3 

.000 

4 

zig.DPO 

5 

42.600 

6 

301.500 

7 

350.000 

a 

159.000 

3 

3305. 000 

ID 

150.000 

11 

.000 

12 

ISO. ODD 

13 

131.000 

14 

150 . DQO 

15 

159 .DD 0 

18 

. ISD.DOn 12 _ „ 

5091100 - 

18 

156 . 000 - 

X 9 

_ .- 1 B-D 6 Q 

20 

-XB. 060 -. 

21 

125 . ecc 

22 

233 . BCD 

23 

l.DOO 

24 

1 .DQC 

25 

l.DDD 

26 

l.CDO 

27 

l.DLD 

23 

1.000 

2^ 

1.000 

30 

l.GOO 

31 

137 . QOG 

3 Z 

274 .LLD 

33 

5 C 0 .D 00 

34 

1225 .CDC 

35 

3000 .000 

36 

3000 * ODD 

37 



. - . 3 QQC*uOOO_. 

2 ? 

37 BDaGQ 0 - ODD 

40 

*QDD 

---til - 

‘ ' 33 'DDODDD.Om: ' 

AZ 

?3 

eioro.ooo 

44 

.000 

45 

ZGBODO.OOO 

48 

.000 

47 

50 OOQOO.OQO 

48 

.000 

49 

in 4 QQ 000 . OQO 

50 

*000 

51 

2490 QQDO.OOO 

52 

*rco 

53 

G 03 DCO.QOO 

54 

.030 

55 

*000 

SB 

li-OQQ 

ih~ 

-..L«-Pil 0 

5 - 0 . 

l.OOJL- 

.^ 9 _. 

3 X 41 QQD.DDQ 

5 Q - 

-DQO 


t: 3 T 6 ^do.oSc 

.PDC 

65 

flccrrc.GCC 

64 

*DCD 

65 

5200 GQ.C 00 

66 

1.000 

67 

.000 

63 

• 000 

69 

• OQO 

70 

*□□0 

71 

.COG 

72 

.r-co 

77 

*000 

74 

• OQD 

75 

*000 

76 

.000 

77 

,OCD 

70 - - - 

.. nOQO. 

xa ,, 

718.000 

80 

6194*000 



6590.000 

SX 

164.000 

83 

43 S 3 .G 00 

84 

204 . DQO 

85 

2064 .000 

86 

3 B 080 .QQ 0 

07 

20145.000 

88 

4074.000 

09 

056 . DQO 

90 

40 .QDD 

91 

70.000 

92 

5377.000 

93 

3 X 2.000 

94 

2 S 4 Q.DGD 

95 

1.000 


, jiz^amona -_32 . . 
l.DOC IOC 
234D*aOD 107 
IBO«ODO 112 
- - 
190*000 122 
79456*800 127 
874*800 .32 

IXUBW. 131 . .. 

912.000 142 
S 6 . 00 C 147 
6 . 0 QD 152 
, _ 45 Q^Q 0 IIJL 5 I. 
800*000 162 
.000 167 
•ODD 172 

Z^30 12 J, 

1.200 1 B 2 


i*.ana _aa.- 

0640 . etc 103 
12D9.000 loa 
564. rCD 113 
130*1100-118.. 
564.0Q0 123 
2760*000 128 
238.610 133 

350*3011 13a, - 

2136. CCD 143 
40nD3*CCO 143 
2*?LD 153 
-?2 5.nQD 158 
l.rOD 163 
1*000 160 
4300DOO.DC0 173 

--.Ill iza 

.rcc 


- - 69'UOOil -39-^- 

IDEG.OCD 104 
52S.6DC 103 
1C7.20Q 114 
.230*800-110 
187.200 124 
B55.600 129 
250*600 134 

.2X7200*1100, 13a 

20.400 144 
12DrO.QOO 149 
25:c.0n0 154 

1200*0120. 159. - 

i454rDrC*ODD 164 
?4080a00*000 163 
*000 174 

^ - „ *S75-17.a.- - 


— - 7481*000 100 . 
11316*000 105 
513*600 lip 
42D.0DE? 115 
,130.000-120 
33960.000 125 
558*800 130 
.000 135 

*000140. - 

40. 900 145 
43-000 150 
117 .OCO 155 
ano.GQO-160 
.000 165 
3510000.000 170 
14.19C 175 
9.01S 180 


- 3775 . 00 D 
6720 .ODD 
230.400 
190*300 
420 ..D 0 Q 
*000 
816.000 
.ODD 

301200*000 . 
301200.000 
16.700 
40.000 
1200*000 
1.000 
.000 
2.500 
9.7432 
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stations on the cycle schematic in Figure 9.3. Table 9*25 presents the 
efficiency summary for Base Case 1 (Point 1) and its variations. Table 
9.26 is made up of the summary detailing the major component material 
cost and the cost of electricity for all Base Case 1 parameteric points. 
Table 9.27 gives the natural resource summary for all Base Case 1 points. 

Point 1 (Base Case 1) is a 1971 W plant burning the dried 
bituminous coal. The efficiency of Base Case 1 is 1.1 points higher than 
that of Base Case 2, but its capital cost is $106/kW (n# 24%) more. This 
is due largely to the additional costs of the separate air preheaters and 
carbonizers and the fact that recirculation requires the handling of 
larger preheat flows. These add about $40/kW to the direct cost of the 
plant, plus the escalation, contingency and interest during construction 
of these components. Some of the difference in cost is the construction 
time for this plant. The estimated time is 8 years; while for Base Case 
2 it is 7. For the standard assumptions, the energy cost for Base Case 1 
is 9.11 mills /MJ (32.8 mills/kWh) or nearly 1.39 mills/MJ (5 mills/kWh) 
higher than for Base Case 2. 

Points 2 and 3 are again scaled down versions of the base case 

and (as in Base Case 2) the capital costs Increase modestly at first 
* 

(as the output goes dovm from 1971 to 593 MW). 

Point 4 was eliminated when it proved to be identical to the 
base case because of the need to preoxidiza the bituminous coal. 

Points 5 and 6 use the subbituminous coal with 20% and 16% 
moisture, respectively. The efficiencies are slightly higher than those 
of the base case because of the reduced energy and power requirements of 
the seed treatment system. The very low quality c£ the fuel gas produced 
by carbonizing this coal made it impossible to preheat the air to the 
levels originally specified. We decided, therefore, to use the gas to 
reduce the size and technical uncertainty ot the heat recovery exchangers . 
The preheat stream was heated to a lower temperature [1340“K (1970®F)] by 
heat transferred from the MHD exhaust. With the combustion air for the 
gapor heated to the same temperature, the preheat stream could be heated 
to about 1700“K (2600“P) in the separate heater. The resultant reduction 
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'Xabli 9,26 8C NO l OPtH CY^CLE “HH0-<TT£AH ,IOTtOHING SUMMARY PLANT RESULTS 


parametric point 


R 

L 

5 

U 

L 

T 

■ E' 

« 

E 

A 

K 

0 

0 

U 


total capital cost 

HHD COMBUSTOR 


HMD GENERATOR DUCT 
MAGNET S RFFRICERATOR 


f«S 
»HS 

HIGH "temp heat "exchan GERS 
f^^ERTfR-TRA^SFORHlR SYSTEmJkI 



'OT MAJOR component COST rM* 

TOT Major component cosTts/Kwr 

TOTAL direct COST 
indirect COSTS 


ESCALATION COST 


»S/KWE 
»S/KHE 
tS/KHE 
fS/KW£ 
fl/KWE 

r S/KHE 

INT DURING COHSTRUCTICN »S/KHE 
TOTAL CAPITALIZATION tS/KHE 
COST OF ELEC-CAPITAL fHiLLS/K WE 
Sf ^LEC-FUEL fHILLS/KWE 
COST OF ELEC-OP&H AIN fHILLS/KWE 
tr r-MILLS/KWE. 

?r CffE 0*5 cat. factor fHILLS/KWE 
COE 0.8 CAP. FACTOR fHiLLS/KWE 
COE 1.2XCAP. COST fHILLS/KWE 

Col^^C^HT^HGENCYrO) jMltTLl/Kwf 

COE tESCALATI0N=D7 tHILLS/KHE 


1822.79 

1.09C 

6<4.11S 

127^607 

4A.822 

57.2C8 

18.2QC 

25.503 

397.957 
17B.5dl 
72. 123 
95.577 
399.237 
98.795 
27-. 59 3 

37.372 
160.519 
1D9.557 
823. B31 

2E.Q39 
6. 092 
.688 
_32. 763 
9C.573 
27.832 
37 .970 

33.372 
30.813 
26. 261 


778.62 

I.C18 

.75C 

:.7.515 

C3.889 

30.23S 

53.580 

11.550 

1E..923 

:>17.7&D 
1-5.376 
77.9?n 
1C9.G77 
368.592 
!^3.385 
29.983. 
37.S7S 
159.101 
1 ''1.592 
335.333 
26.907 
6. 181 
.833 
53.961 
91.383 
?8.510 
78.793 
39.699 
31.912 
27.355 


527.63 
• 716 
.903 
22.190 
93.335 
19.321 
16.990 
7.900 

iz..2ie 

122.113 
2C5.601 
93.127 
113.599 
918.872 
61.171 
33 .510 
39.753 
151.390 
195.999 
883.225 
28.110 
6.148 
1.183 
35^997 
95.880 
30.17, 
91.069 
35.677 
33.929 
29.576 


1622.79 
1.913 
1.0 3C 
69.115 
127.607 
99.822 
57.200 
^16.200 
25.503 

397.957 

176.581 

72.129 

95.577 

399.287 

98.795 

27..S93 

37.872 

160,519 

2C9.5&7 

320.531 

26.039 

6.092 

.688 

.22.ZB3. 

9D.573 

27.382 

37.S70 

33.S72 

30.613 

26.261 


1922 .as 

1.911 
^ .676 
50.352 
116.686 
29.055 
98.015 
15.700 
22.620 


1969.39 

1.3S8 

.*^55 

49.596 

115.9BC 

31.689 

98.873 

15.700 

22.630 


230.515 291 
150.562 150 
75.J57 73 

92.291 SS 
318.561 315 
97.093 96 

198.399 196 
188.899 1B7 
76X.317 ““ 
29.130 
5.996 
.839 
,30.911 
38.150 
26.306 
35.737 
32.100 
28.932 
29.906 


i65d 
.429 
► 622 
.057 
»103 
.939 


197D.19 
1.913 
.679 
63.255 
95.663 
32.669 
97.6 33 
15.2Q0 
• 33.720 

2 99.939 
152.377 
73.325 
B7.5S3 
319.261 
99.655 


a 

199D.S7 

1.913 

1.061 

99.615 

102.992 

282.388 

196.812 

88 

313.336 

95.289 


:l?l itJii 


755 

23, 

5, 


30 

37 

26 

35, 

31, 

28, 

29, 


72 

905 

.090 

.269 

.876 

.892 

.BIS 

iSa? 

,750 

.110 

.362 

.765 

,628 

.691 


197.969 
168.382 
760 -7331 
29.052 
6.091 
.791 
30.839. 
38.093 
26.329 
35.699 
32.092 
28.899 
29.895 


195.587 
185-309 
798.991 
23.876 
5.907 
-78 0 
. 30 ..363 
37.965 
25.923 
35.098 
31.599 
28.917 
29.972 


PARAMETRIC POINT 
L HHD GENERATOR DUCT 


10 


11 


12 


13 


iHS ISZJ^Zl 1S21^7Z 1651^78 1268*13.198^^23 

fHS 1.951 .929 .929 .900 1.913 

#MS 1.090 1.C90 1.090 .703 1.013 

^ tkiil ikm itjii 

5m£? fuRBTfi£N . Jhi. illlfli ,.M;Iq 3. illici. ilrlio 


R TOT MAJOR COMPONENT COST fHS 
E TOT MAJOR COMPONENT COSTf$/KWE 

V iimsi 


398.035 397.533 357.209 251.593 308.093 
176.629 176.358 182.133 128.675 160.651 
_22..1Sa_ 72-I.QS2. 7JL-,7.91 - EA ^ K I Q . 

95.606 95.99B 98.131 79.537 ^oZizz 

399,393 393.889 352. C71 271,831 325.368 
„ 9E.759 98.709 5D.097 38.019 96.115 

-■:«» iWlf HA4 

cjssjRwcTm ISStilS iSi:m kiS:iil 1*11:111 


-rt'MdW'cSSf'" 

•' mirlSSS 5.”S. •-V.S.VI 


D COST OF ELEC-FUFL . fHILLS/KWE 
0 COST OF ELEC-OPKMAIN fHILLS/KWE 

COEO^S CAP. FACTOR tHILLS/KHE 
COE 0.8 CAP. FACTOR tMILLS/KWE 
COE 1.2XCAP. COST fHlLLS/KW£ 


COE ICONTINSETiCYrOI tHlLLS/KHE 
COE lESCALATlONrOJ tHILLS/KHE 


B.Q99 6. 035 6.308 6.097 

.6C6 .921 .559 .699 

_32.692 ,J12-a51. 33^936 .22^203 31.658 

90.505 90.762 91.986 33.355 39.019 

27.B09 28.085 28.502 23.353 27.053 

37.90D 38.162 38.623 31.309 36. 565 

—33.301- 39,.16a 39.756 38.JH2 -32.^367 

30.591 “0.817 31-2S7 25.509 29.637 

2E. 183 '»6.9&6 26.893 22.083 25.552 


6.597 
• 576 


19 

1638 .9a 
1.173 
1.193 
70.190 
19.8.835. 
95.226 
73 .353 
18.200 
1B.9DC 

376. '^77' 
190.. •? 

• 63.. , . 
90 .L 9 
398.500 
95.925 
27.Q69L 
38.321 
181.260 
20S.S2B 
.822.138 
26.150 
5.926 
.739 
-32.315 
90.160 
27.912 
37.595 
^ 33.900 
30.133 
25-782 


15 

1639 .67 
1.138 
1.290 
98.699 
115.993 
99.797 
53 .389 
17.500 
. 25 .103 


16 

172B.C6 

.989 

2.867 

198.393 

1D9.D70 

94.912 

67.973 

18.300 

21.803 


29. 

40, 


368.006 909, 
165.979 207. 
20^992--^ 70. 
90.929 92 

397.351 
96.379 
27.788 
38.222 
161.069 170 
205.290 217 
826.030.. 8ZB 
826-030 376 
5.859 5 

.627 
32.596- 
90.931 
27.700 
37 .819 
33.767 
3D. 925 
26.071 


►201 

-62S 

.□1-9 

-831 

p399 

-638 

.793 

.872 

.792 

.811 

► BIX 

.182 

►996 

.985 

►726 

► 337 
.863 
.261 
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Table 9.26 
Coatlnued 


HHO-STEAM SOtTOHINB S’UHHARY ?L 


parametric point 


TOTAL CAPITAL COSJ 

'T TfHlT'CTiHfilJSTOR f*rqc 

L HHD GENERATOR OUCT »MS 

A MAGNET H REFRISERATOR 

_S |XCHAHJ 5 E^ ImV^«nII 22 

^ IHVEBTEfi-TRANSFORHER SYSTEHtH* |7*|32 

__JSSrff§SIAS”i- lULMiS! 


R TOT MAJOR component COST 
E TOT MAJOR COMPONENT COST »S/KWE 
S BAL^HQE OF PtAHT COST 
“If" site: LABOR ^ 

L total direct cost »9/KHE 

T indirect COSTS llyvyl 

_ _EfiOE-&-flRH£ILXOStS.^ 

B CONTINGENCY COST 
p rccALATTQH COST rS/KWE 

D kATMcF'rstifT tom *</KUr 


£ INT DURING _CPN5TRyCT ION »«/KWE 


-^glxSpSi^ilpITAL^H 


h CO^T OF ELEC-^FUEL »MILLS/KNE 

0 CO It of 

it TOTAL COST QF ELEC. .»HXLL^i\n±.. . 

"^“'COE^^S f APTflR ^MTLlI/KViI 

COE 0-3 CAP- FACTOR »HILL|/KVE 

COE 1-ZXCAP- COST »HILLS/KWE 
COE 1-7XFUEU COST fHILLS/KHE 
— -CD r " T CO N T 1 W & EN C y = 0 1 ♦ H IL L | / K W | 
COE iESCALATiONrO) tHILLS/KWE 


396-132 
179-209 
.53-313 
95-565 
399- 6BS 
98-738 
„ 22 ^S 1 S- 
37*850 
X6C- 203 
ZD9*039 
fl23-D93 

2B-0ZD 
E.123 
.695 
- 32-899 
9C-65D 
Z7-9S5 
iC *a 98 
. 39-063 

30. 697 
ZE. 357 


20 


22 


23 






“Table 9.27 ' 3C“NQ 1 OPEN CYCLE MHD-STEAJi SOTtOMING NATURAL RESOURCE RZQUIREHENTS' 


parametric point 

CYlAL* Lb/KW-MR 

SpRBANT OR SEEDrLB/KW-HR 

total NaTERv eAL/KM-^JR 


^rrrETpRocEs^ h2o 
CONDENSATE HAKE OP t 
waste handling slurry 

TOTAL^LANO ACRES/IQDHWE 

Main plant 

— "A^srTrs — " 


. 1 

•? 


.4 

5 

_. £ 

. .7. - 

a _ 

.65683 

\,€71BS 

•67048 

.85889 

.78213 

.77504 

1 .03154 

1 .00859 

•00232 

.00274 

.00258 

.00232 

.00318 

.00305 

.00308 

•0D317 

• 592 

• 616 

.621 

•592 

•664 

.662 

.660 

.661 

m. 57 fl 


.^02. 


^Ktin 

. — £51 

.652-- 

•OOODQ 

•OCDCO 

.00000 

•OOCQO 

•DOOOO 

.OOODC 

.COQOO 

.00000 

»D1041 

.01C59 

•01Q8S 

•01041 

.00791 

.01125 

•00311 

.00817 

.0044 

• DD34 

• C035 

•0044 

•0010 

•0010 

.0012 

.0012 

•OOOQO . 

*DOODD . 

. .JIDODO 

•iiaiiOEi__.onnna 

..IlOIIDO 

•QQDOD 

•DOODO 

. QODOQ 

.00000 

•OOOOD 

•OOOOD 

•DQOOQ 

•OOOOQ 

•DOOOO 

.00000 


60.24 

69.05 

52.98 

53.97 

53.69 

54.93 

54.86 

13.35 

18.24 

27.44 

13.35 

13.43 

13.45 

13.49 

13.53 

._l.3it.IB_ 

14.07 

1*U03.. 

, 13.79 

- 11.27 

11.17 

_ . 12.32. 

_ i?.n5 

25.84 

27.94 

27.58 

25.84 

23.21 

29.07 

29.17 

29.30 


■PKKATlETRIir ’ VOIMT — ‘ 

COALr L8/KW-HR 
SOR0ANT OR SEEDfLB/KH-HR 
TOT A L WATERS GAL/KM-HR 
COOLING WATER 
GASIFIER PROCESS HZO 
CONDENSATE MAKE UP > 

H^DLINR^UiRRY . 

SCRUBBE^R WASTE WATER 
^t\pX SUPPRESSION 
total land ACRES/lOOHWr 
. i lAIN PL ANT 

disposal land 

LAND FOR ACCESS RR 


.5591l^ 

.DD170 

.578 

•DQOOD 

.nODQO 

.OODOD 

52.98 


10 

.85818 
.00407 
^san.-- 

.576 
.ODOQO 
.CIO 51 

.□OOOD 

.□oooo 

52.36 


11 

.687 31 
.00X26 

.^03. 

..683 

.DCQOO 

.01425 

^0063 

.OODDD 

.□□□on 

55.70 


‘12 

.85943 

.00254 

S82„- 

.543 

•00000 

.01005 

^0033 

.00000 

.00000 

51.40 


parametric point 

COAL* LB/KW-HR 

'UaStS HAKpEXNo SLiIRlYY' 
SCRUBBER WASTE WATER 
HOX SUPPRESSXON 


main plant 
disposal land 
land for access RR 


13.80 

13.78 

14.31 

13.81 

25. 94 

25.83 

25.97 

24.18 

17 

18 

13 

20 

.66838 

.□ODOO 

•DDOOO 

•00000 


.611 

.595 

.COODD . 
. 01042 _ • 
.Od^^ 
.OOOOD . 
.00000 • 
53 .68 
15.46 
13.99 
26.20 


.COD 
.DCO 
CDOOG 
□ OpOD^ 
.'ODtid 
00000 
QODOQ 


.ODD 

oODO 

• DOC DC 
.□□□0J3 
' .bODd 
.00000 
.00000 


.000 

.000 

.00000 

_.DDGDO 

.0000*^ 

.00000 

.OOOOQ 


— 

.71393 

•0D178 

.631.. 

.616 
.00000 
.01125 
^HD37 - 
.00000 
.DODOp 
56.02 
-13..58^- 
14. S4 
27.50 


14 

.59174 
.D0238 
— .SOS- 
.494 
•00000 
.00900 
-0030- 
.00000 
.00000 
47.71 


21 

.QQDOD 

■^juanonL 

.ODD 

.000 

.DODOC 

<,00000. 

.0000 

.00000 

.00000 


.000 

.000 

.00000 

^Dp.OQQ... 

.GOOD 

•DOQOO 

•00000 

.00 

.00 

.00 


IB 

•63841 
.00207 
..^55T 
• 544 
•00000 
.00395 
.0035 
.00000 
.□0000 
50.56 

13.36 

23.89 


23 

.00000 

.1U10J3I1. 


<oopao 

•DODO 
.00000 
.00000 
_^HOL 
.00 
• 00 
.00 


16 

.62937 
.00264 
- ..S43. 
.530 

;ggi?8 

.0032 - 
.00000 
• QOOPO 
50.50 
03^35-. 
13.18 
23.39 


24 

.00000 
.nnnn n 
.000 
.000 
•CDOGO 
•OOQOQ , 
.0000 
•00000 
.DOQOO 
- -.D£L« 
•DO 
• 00 
• 00 


2BRKPT PRINTS 


AT LEAST 1 PRINT IMAGE HAS BEEN TRUNCATED 




of capital cost combined with the reduction of speed treatment equipment 
costs produces energy costs which are slightly 0.556 mill/MJ (2 mills/ 
kWh)] below the base case. 

Points 7 and 8 use the lignite coal with 27 and 18% moisture 
respectively. Point 7 is an attempt to illustrate the problem associated 
with the very low-quality fuel gas. Both the gapor combustion air and 
the preheat stream are heated to 1525®K (2285®F) before being introduced 
to the separate air heater. Only a 40®K (72°F) increase in the tempera- 
ture of the preheat stream is feasible. The MHD flame temperature of 
this case is below 2700®K (4400°F), which results in an increased magnet 
cost to offset the decrease in heat exchanger costs. For Point 8 the 
amount of MHD products circulated is very small, reducing the size of 
heat exchange equipment and resulting in energy costs below those of 
Points 5 and 6, since the overall efficiency is nearly identical. 

Points 9, 10, and 11 have ash carry-overs from the combustor 
of 5, 20, and 100% respectively. The results are similar to those dis- 
cussed under Base Case 2. Lower ash cariry-over results in lower energy 
cost, but the case with 100% carry-over has the smallest seed makeup 
requirement. 

No exhaust gas was recirculated for Point 12, and the combustor 
temperature went to 2953"‘K (4855^F) at a pressure of 1.2159 MPa (12 atm). 
Because of the high combustor temperature, the duct length was shorter 
20%) than the base case at nearly twice the pressure ratio. This 
resulted in substantial savings in the superconducting magnet. The 
lower volumetric flow rate of the preheat stream and the lower inter- 
mediate temperature levels resulted in a very large reduction of heat 
exchanger costs. The direct capital cost of this point are about 20% 
lower than it is for the base case. Surprisingly, the efficiency is 
identical to that of the base case. This may be a result of a nonop timized 
set of base case parameters (pressure ratio, generator loading coefficient, 
velocity coefficient, etc.). The total energy cost is more then 1.389 
mills /iU (5 mills /kWh) below that of the base case* 
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Point 13 has a lower prelieat temperature 1668®K (2543“F) than the 
base case. It is very similar to the points which used the other coals. 

The heat exchanger costs are reduced substantially because of reduced temp- 
erature level and reduced recirculated flow. Due to the increase in stream 
power relative to MHD power > however, the efficiency is also down. The 
energy cost is about 0.278 mill/MJ (1 mill/kWh) below that of the base case. 

Point 14 has a higher preheat temperature 2218°K (3532®F) than 
does the base case. The efficiency is increased substantially since much 
more of the power is generated by the MHD plants. The capital and O&M 
costs also increase, and the energy cost is slightly below that of the 
base case. 

Points 15 and 16 have MHD pressure ratios of 8 and 10 
respectively. In each case the efficiency and capital cost increases. 

In Point 15, however, the O&M costs are about 0.0167 mill/MJ (0.06 mill/ 
kWh) below those of the base case so that its energy cost is about 
0.0278 mill/MJ (0.1 mill/kWh) below that of^the base case cost. For 
Point 16 the energy cost is 0.4167 mill/MJ (1.5 mills /kWh) above that of 
the base cases. The optimum pressure ratio probably lies between 6 and 
8 for the standard economic conditions. 

In Point 17 the use of a 16.6 MPa (2400 psig) steam plant 
results in decreased cost, power output, and efficiency. The energy cost 
ia about 0.0278 mill/MJ (0.1 mill/k\^h) above that of the base case. 

9.4.4 Natural Resource Requirements 

The overall economic program also calculated the natural 
resource requirements for all parametric points. Thit results are 
summarized in Tables 9.15, 9.21, and 9.27 for Base Case Numbers 2, 3, 
and 1 and their variations, respectively. 

The fuel requirements of the plants (per kl^) are inversely 
proportional to overall plant efficiency and should be lower for open- 
cycle MHD than for other cycles. For Base Case Numbers 1 and 2 there 
is no sorbent, and the seed requirements are related to the ash 
carry-over from the combustor and the EPA particulate emission standards 
in a complex manner. For ash carry-over between 5 and 20%, the ash 
collectfd is reinjected into the combustor. The seed which is lest in the 
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slag tap from the combustor increases with increasing carry-over and 
overall makeup increases. Leaching to recover this relatively small 
amount of seed is not justified. When 100% ash carry-over exists, 
however, it is necessary to leach the collected ash, and nearly all of 
the seed can be recovered. Hence, the makeup is actually reduced with 
’100% ash carry-over. 

For Base Case Number 3, very large quantities of sorbent are 
required for sulfur treatment in the gasifier. The need to dispose of 
the spent sorbent results in a large disposal land requirement. The 
total land required for Base Case Number 3 is 80% greater than for Base 
Case Numbers 1 and 2, 

The cooling water requirements are also nearly inversely pro- 
portional to efficiency, and should provide additional incentives for 
developing open-cycle MHD. , 

9.5 Capital and Installation Costs of Plant Components 

The major components required for an open-cycle MHD power plant 
range from standard equipment items (for example, steam turbines which 
will be made up c f standard building blocks) through items whose technology 
is well understooc but which will require some design (for example, the 
main air compressors will be very similar to the compressor end of an 
industrial gas turbine) to components whose design can be charitably 
described as speculative (for example, heat exchangers to transfer the 
energy from the exhaust of the MHD duct to the stream to be preheated). 
Estimates of prices of such disparate items have to be made on different 
bases. 

The list prices of standard equipment for the base cases (steam 
turbines and feedwater heatei^s) were obtained from the appropriate West- 
inghouse divisions. By plotting the data supplied for open-cycle MHD 
and for the nonequilibrium ^^HD base cases, price estimates for the open- 
cycle parametric points were made. This was possible because the same 
steam conditions, condenser pressure, and feedwater heating were used for 
both concepts. 


For the air compressors, the Westinghouse Gas Turbine Division 
provided a breakdown of the price of industrial gas turbine components. 
This proprietary information was then used to estimate the price of the 
air compressor section. 

The remaining major components are nonstandard items. The 
designs of these components are of a preliminary nature and there is a 
wide range of uncertainty about their validity. In some cases, the design 
is based on scaling of a reasonably well-understood technology (for 
example, the superconducting magnet); in the others, the design is a 
proposed means of dealing with a problem (for example, the recovery heat 
exchangers) . While a correspondingly high degree of uncertainty must 
exist in price estimates of all these nonstandard items, those for the 
most speculative designs are most suspect. The designs and price 
estimates of these nonstandard items are discussed in Appendices A 9.1 
through A 9.6 and A 9.9 through A 9.11. 

9.5.1 Major Components for Three Base Cases ‘ 

Tables 9.28, 9.29, and 9.30 contain the sizes, weights, and 
costs of the major components for open-cycle MHD Base Case Numbers 1,2, 
and 3, respectively. The air preheater is the largest single item for 
Base Case Numbers 1 and 2. Since both cases include the use of silicon 
carbide and high-nickel alloy heat recovery exchangers, both air pre- 
heaters also represent mpjor areas of uncertainty. Although the tech- 
nical uncertainty of the combustor and duct is probably as high as that 
of the air preheaters, their impact on the economics is much less, 
permitting much greater latitude in their design. For this reason, the 
air preheater appears to be the critical item in the development of an 
economically successful open-cycle MHD power plant. 

The magnet and inverter system also represent large fractions 
of the plant costs. The technology of these appears to be well in hand, 
but the cost estimates must be considered as uncertain. This is parti- 
cularly true of the magnet whose price is based on a wire price and cur- 
rent density which are not currently attainable. If these reduced prices 


\ 
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Table 9.28 Sizes » Weights and Prices of Major Components for Bass Case 1 


Major Component 


Combustor 
Generator Duct 
Magnet 

Air Preheater 
Seed Recovery 
Inverter 


Size, ft 
W H 


50 50 


66 30 ^. 

800 200 100 

400 300 150 

600 200 30 


Weight, lb 

1 . 306.000 
396,000 

3 . 400.000 
98 , 300,000 
33 , 000,000 

9,000,000 


Cost FOB 
Mfg. Plant ,$ 


1 , 413,000 

982,000 

64 , 000,000 

122,000,000 

40 . 500.000 

57 . 200.000 


Units 

Req'd 


Total Cost,$ 

1 , 413,000 

982,000 

64 , 000,000 

122,000,000 

40 . 500.000 

57 . 200.000 


(|i = diameter 


Table 9.29 Sizes, Weights and Costs of Major Components for Base Case 2 


Major Component 

Combustor 
Generator Duct 
Magnet 

Air Preheater 
Seed Recovery 
Inverter 


Size, ft 
W H 


50 50 


72 30 i]i 

500 50 50 

400 300 150 

600 200 30 


Weight , lb 

888,000 

280,000 

3 , 680,000 

19 , 400,000 

36 , 000,000 

9 , 300,000 


Cost FOB 
Mfg. Plant, $ 

643.000 

652.000 

69 . 000 . 000 

93 . 000 . 000 

44 . 500.000 

57 . 800.000 


Units 

Req'd 


Total Cost, $ 

643.000 

652.000 
69 , 000,000 
93 , 000,000 

44 . 500.000 

57 . 800.000 


<j> = diameter 
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Table 9,30 Size, Weights and Costs of Major Components for Base Case 3 


Major Component 


Combustor 
Generator Duct 
Magnet 

Air Preheater 
Seed Recovery 
Invetter 

(fi = diameter 


Size,ft 


Cost rOB 

Units 


L W H 

Weight, lb 

Mfg. Plants $ 

Req*d 

Total Cost,$ 


50 30(|. 

177 8 a 

177 26^ 

500 50 50 

200 200 150 

600 250 30 


705.000 

674.000 

8 , 000,000 

10,600,000 

20,000,000 

10,500,000 


691,000 

1,584,000 

163,000,000 

49,000,000 

21,800,000 

66,400,000 


691 

1,584 

163,000 

49,000 

21,800 

66,400 






and Increased densities do not materialize, the magnet price could 
escalate sharply. 

The balance of plant equipment costs is calculated in the 
overall economic program according to algorithms developed by other 
contributors to this program. Such items as coal crushers, fuel oil 
shortage, gasifiers, and carbonizers are included in this category. 

9.5.2 Balance of Plant 

The price of the seed treatment plant is somewhat uncertain 
because of a lack of fundamental engineering data. The eatimates 
presented, however, are based on conservative judgments. 

Furthermore, half of the seed recovery costs of Base Case 
Numbers 1 and 2 are due to the collection device (electrostatic 
precipitator), so that the total seed recovery costs should not be a 
major source of uncertainty. 

9.6 Analysis of Overall Cost of Electricity 

The results presented in Section 9.4 indicate that the energy 
costs for the open— cycle MHD plants range from 7.5 to 9.72 mills/MJ (27 
to 35 mills /KWh) (Tables 9.14, 9.20 and 9.26). Of these costs, more 
than 70Z are capital charges and about 20% are fuel costs. By conventional 
standards this split is rather heavy on the capital side for a base-load 
plant, and some justification is in order. The capital costs are given 
for plants started in 1974 which had construction times of 7 to 8 years; 
they include escalation and so are expressed in 1981 and 1982 dollars. 

For such a plant, the levelized fuel costs should correspond to fuel 
prices in 1989 and 1990. It is not difficult to imagine a doubling or 
perhaps tripling of the level used for Tables 9.14, 9.20 and 9.26 
[$0,806/GJ ($0.85/10^ Btu)] in this span. If both the OMl and fuel charges 
were to double, the capital charges would become a more normal fraction 
of total energy costs (< 66%) ; if they tripled, the capital charges would 
be less than 55% of the total. In this study, a capacity factor of 0.65 
was used, and this (compared to normal study values of 0.8) also 
contributes to the dominance of capital charges. 
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In evaluating the energy costs of these cycles, one should keep 
in mind the considerable uncertainty in the price estimates. This is 
especially important when capital represents such a large part of total, 
energy costs* 

The primary imcertainty is in the recovery heat exchangers. As 
mentioned in Section 9*1, there is no established technology for these 
components, and prices must necessarily be uncertain. Although there are 
other items of uncertain technology (for example, generator duct and 
combustors) , they represent rather small parts of the overall plant costs. 
The direct cost of the recovery heat exchanger is estimated to be over 
$60/lcW or about 20% of the direct equipment costs for the direct-fired 
cycle (Base Case Number 2) . 

Another area of uncertainty is the coupling heat exchanger 
(steam generator). Since it operates at much lower temperatures, it does 
not appear to present as severe a problem as the recovery exchanger. 

The existence of the slag-seed mixture in both liquid and solid states, 
however, does present corrosion and fouling problems (Reference 9.4)* 

The direct cost of the steam generator is about $25 /kW, or more than 8% 
of the Base Case Number 2 direct cost. 

Although the technology of the superconducting magnet is 
apparently well understood, its price must be considered highly uncertain 
at this time. The estimates given here are based on superconductor costs 
which are much lower than presently exist and which appear to be opti- 
mistic. The structural design used does not provide for restraining the 
cross-over wires, and no consideration has been given to transient forces 
which might occur during a load-trip. As estimated, the direct cost of 
the magnet is over $35/kW or 12% of the Base Case Number 2 direct cost/ 

In summary, although the energy cost provides a valuable guide 
in comparing cases, the limitations must be kept in mind at all times. 
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9.7 Conclusions and Recommendations 
9.7,1 Conclusions ’ 

• If the technical proble>8s can he solved economically , 

open-cycle MHD plants can achieve high overall effi- 
ciencies with a wide variety of coals. 

a The technology of heat recovery apparatus and super- 
conducting magnets is not sufficiently advanced to permit 
accurate estimates of direct capital costs • 

a With high-sulfur coal, the use of the seed material 
to remove sulfur from the eachaust products requires 
large power and heat Inpuzs* 

9.7,2 Recommendations 

e Future efforts on open-cycle MHD should foexas on 

- Design and cost of recovery heat exchangers 

- Design and cost of coupling heat exchangers 

- Cost projections for very large superconducting 
magnets. 

s The final choice of the cycle to be used should be 
delayed until the recoveiry heat exchanger solution 
is batter defined, 

9 For high-sulfur coals, the use of conventional sulfur 
removal techniques should be considered. The potas- 
sium seed could be recycled in the sulfate form, and 
excess sulfur could be removed from the stack gases 
by conventional techniques * 
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Appendix A 9.1 

OPEN-GYGLE IIHD SEED TREATMENT 
A 9 .1.1 General Discussion 

The economic feasibility of open-cycle HHD plants depends on 
recovering and returniilg to the process a high percentage of the seed 
used in the MHD duct. Currently, it is estimated that at least 95 % 
(Reference 9.5) recovery is required to maintain economic feasibility. 

In two of the three base cases, potassltim carbonate seed is utilized to 
remove the sulfur found in the coal as well as to provide the required 
conductivity in the duct. Unless potassium carbonate is regenerated 
from the potassium sulfate which is removed by the electrostatic pre- 
cipitator at the end of the System, sufficient makeup potassium carbonate 
must be added to remove the sulfur while discarding most of the potassium 
sulfate. This procedure does not allow the 95% recovery criterion to be 
met, even for the two low-sulfur coals studied. In Base Case 3, 
cesium carbonate (in the form of poUucite ore) is used to provide con- 
ductivity in the duct. No regeneration is necessary since, in this case, 
the sulfur is removed in the gasifier, prior to the combustion of the 
fueX ill the ^D combustor. 

The regeneration process evaluated is based upon work carried 
out by the U.S. Bureau of Ittnes (Reference 9.6). Their work showed that 
the reaction 

4H^ + K^SO^ 2K0H + (A 9.1.1) 

takes place at elevated temperatures in pure hydrogen. Their findings 
were, that the rate of this reaction reached a maximum at about ld48°K 
(1427"F). 
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Two methods considered for producing the needed hydrogen were: 

• The electrolysis of water 

• Gasification of coal using a Westinghouse fluidized bed 

gasifier. 

The first method, electrolysis, presented the advantages of simplicity 
in design and use, and the use of pure hydrogen (for which kinetic data 
were available). There were, however, two major disadvantages. First, 
the energy efficiency of an electrolysis unit is very low; and, therefore, 
the energy required to provide the same amount of hydrogen as a gasifier 
was a factor of two higher. Second, the cost of an electrolysis unit is 
about two and one-half times greater than an oxygen-blown gasifier pro- 
ducing a like amount of reducing agent. See Subappendi'c AA 9.1.1. 

Based on the above considerations, the use of a cod gasifier 
was chosen. The coal gasifier produces a gas stream containing hydrogen 
sulfide, . carbon monoxide, carbon dioxide, hydrogen, water vapor, and 
nitrogen (if an airblown gasifier is used). In addition to the above 
reaction, the following reaction also takes place 

GO^ -b 2K0H ^ ''' 

In addition to these two reactions of the synthesis gas with the 
potassium tha water gas sliift xsaetion. 

Cb H^O ^ CO2 + 

tends to maintain a fixed equilibrium between the respective gases . Since 
one of the above feactiohs uses hydrogen and another carbon dioxide, and 
since water is produced by- both gas-solid reactions, the carbon monoxide 
present in the synthesis gas will continually be shifted to hydrogen. 

This being the case, the carbon monoxide contained in the synthesis gas 
can be counted in determining the hydrogen available for eeaction. This 

process is shown conceptually in Figure 9 .I* 1 (based on Base Case 2) . 


(A 9.1.2) 


(A 9.1.3) 
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To 1st Stage To 2nd Stage To Waste Disposal 

of Combustor of Combustor 


Stream Name 

Prxess Gas 

Used 

Process Gas 

Gas to MHD 

temperature, “K 

1144 

1040 

899 

Pressure, KPa 

1520 

1499 

608 

H 2 Mole Fract. 

0.2788 

0.1522 

0.2167 

CO 

0.3764 

0.2055 ‘ 

0.2927 


0.1464 

0.2753 

0.3921 

¥ 

0.1324 

0.2078 

0.0128 

HjS 

0.0110 

0.0990 

0 

“4 

0.0551 

0.0601 

0.0856 


Fig. A 9. 1 . 1 -Simplified diagram of seed regeneration system based on Base Case 2 






The use of a gasified coal as the lediictant in i^egeneration of 
the seed presented two difficulties. First, kinetic data were not 
available for the gas-solid reactions. Second, the complexity of the 
process was increased. The first difficulty was overcome by noting that 

the gas-solid reactions were essentially irreversible (therefore, the 
presence of hydrogen sulfide in the synthesis gas would have little xf 
any effect). Also, it was assumed that the addition of other gaoes to tne 
hydrogen would only dilute it and not prevent it from reacting. 

The next question to be answered was whether the use of an air- 
blown or oxygen-blown gasifier would be more advantageous. The overall 
efficiency and total system costs were not greatly affected by whether 

the gasifier was oxygen-blown or airblown. An. oxygen-blo-m system, 

however, does appear to have a major advantage over an airblown one. the 
gas not used in the regeneration system and returned to the MHB plant 
has a heating value almost twice as large as the gas from an airblown 
system. Also, since the mass flow is about half as large for an oxygen- 
blown system and since both systems are saturated wxth water at 332 K 
(138°F), there is a lower mass flow of water back to the MHD plant with 
an oxygen system. Based on the above observations, an oxygen-blown 
gasification system was chosen. 

A 9.1.2 Regeneration Process Description 

Figure A 9.1.2 presents a simplified flow diagram for the 
process. A flow chart is presented in Table A 9.1.1. The oxygen plant 
product (flow 4 in Figure A 9.1.2) is essentially pure oxygen gas at 
30p®K (SO.SrF) and 0.1013 MPa (1 atm) . This stream is then compressed to 

1.722 MPa (17 atm) in the compression unit and the temperature raxsed to 

&99‘’K (799°F) . A small part of the compressed oxygen stream is fed to 
the sulfur dioxide burner in the Claus plant, while the remainder is 
sent to the coal gasification system. 

The gasifier includes a series of coal-handling and preparation 

steps, along ikt^^ Che actual volatilization and gasification of the coal. 
Stwvm .It 478“K (4U0“F) and 1,722 ^ (17 atm) , coni, and the flow 4 oxygen 
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TABLE A 9.1- FLOW CHART FOR SEED REGENERATION SYSTEM FOR BASE CASE 2 


0wg.l67SB73 



Air 

N 2 

Rejection 




Coal 


Ash 




Process 

Seed 

•h 

Solids 

+ 

Warmed 

FIov 7 Name 

Feed 

Power 

O 2 

Power 

Feed 

Power 

Reject 

Exhaust 

^2 

<^2 

Gas 

Ash 

Gas 

Gas 

Flow Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Mass Rate, kg/s 

73.99 

56.75 


17.24 


21.72 


2.09 

7.18 

14.2 

3.04 

43.5 

36.55 

80.03 

36.3 

Temperature, °K 

300 

300 


300 


300 


1144 

370 

669 

669 

1144 

350 

960 

760 

Pressure, kPa 

101 

101 


101 


101 


1520 

101 

1722 

1722 

1520 

101 

1520 

1418 

Power, kW 



16136 


im 


331.65 


0.7066 







Np, Mole Fraction 

0.79 

1.0 


0 





0 

0 

0 

0 


0 

0 

H 

0 

0 


0 





0 

0 

0 

0.2788 


0.2788 

0.2167 

CO 

0 

0 


0 





0.1632 

0 

0 

0.3764 


0.3764 

0.2927 

CO 2 

0 

0 


0 





0.1048 

0 

0 

0.1464 


0.1464 

0.3921 

HgO 

0 

0 


0 





0 

0 

0 

0.1324 


0.1324 

0.0128 

H,S 

0 

0 


0 





0 

0 

0 

0 .011 


0.011 

0 

4 

0 

0 
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0 

0 

0 

0.0551 


0.0551 

0.0856 

SO, 

0 

0 


0 





0.0254 

0 

0 

0 


0 

0 

°2 

0.21 

0 


1.0 





0 ‘ 

1.0 

1.0 

0 


0 

0 

s, kg/s 













0 

0 


K 2 SO 4 













32.71 

32.71 















0 

0 


Asti 








2.09 





3.84 

3.84 


Molecular Weight (Gas) 

28.6 

28 

i 






29.66 

32 

32 

21.3 


21.3 

27.5 
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TABLE A 9.1- FLOW CHART FOR SEED REGENERATION SYSTEfA FOR BASE CASE 2 (cont'd) 
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Sulfur 

•f* 

K 2 CO 3 
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•f 

Hot Gas 

Steam 

Flow Name 

Steam 

Gas 

Gas 

Gas 
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Gas 

Power 

Power 

Make 

Water 

Water 

K 2 SO 4 

Seed 

to MHO 

Water 

Flow Number 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

23 

29 

30 

Mass Rale, kg/s 

1L89 

80.05 

36.3 

36.3 

80.05 

49.39 



8.6 

8.6 

16.13 

22.61 

8.05 

35.2 

11.89 

Temperalure, <»k 
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1040 
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541 

541 
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Pressure, kPa 
Power, kW 
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1499 
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1444 

9.2 
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0 

0.2753 

0.3921 

0 .3921 

0.2753 

0.2753 



0 

0 
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0 
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Q 
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0 

0 
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0 

0 
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0 

0 
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0 
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0.0601 



0 

0 

0 
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0.0356 

0 
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0 

0 

0 

0 

0 

0 



0 

0 

0 ' 1 



0 

0 

\ 

0 

0 

0 

0 
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0 

0 
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0 

0 
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6.01 ! 

0 
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0 
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: » 

¥°3 1 
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0 1 

19.0 

3.54 
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3.84 









0 ' 

0 

3.84 



Molecular Weight (Gas) 

18 

26.3 

27.5 

27.5 

26.3 

26.3 



18 

18 i 

! 

18 



27.5 
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stream, were used to make a sjnathesis gas at 1.520 MPa (15 atm) and 1144 K 
(1600“^) (flow 12). This hot synthesis gas entrains solids mixed with 
it from the solids storage system. 

^ae solids are a mixture of ash and potassium' sulfate obtained 
from an electrostatic precipitator on the stack of the >5HD plant (flow 13) , 

The gas-solid mixture (flow 14) is then sent to the regenerators. 
The enthalpy of the synthesis gas stream is used to heat the product gas- 
solids flow up to near the required reaction temperature [960 “K (1268"F)]. 
Since the net reactions are exothermic, some cooling is required to keep 
the regenerator temperature below 1048*K (1427“F) . This is accomplished 
by using cooling gas to cool internal heat exchangers in the regenerator.. 
Figure 9. 1,3 presents a sketch of this regenerator. The exact location 
of the various heat exchanger modules must be determined by a detailed 
modeling study of this reactor. The detailed design specifications are 
presented in Subappendix 9,1.3. The cooling gas comes from the Claus 
plant (flow 18) at 332“K (ISS"?) and is then sent, after being heated in 
the regenerators, to the turbines to be ei^anded from 1.418 to 0.607 MPa 
(14 to 6 atm) , and cooled from 760“K to 598“K (908 to 616“F) (flows 15 
and 19) • 

The product gas-solids mixture (flow 17) is then sent to heat 
exchangers and steam generators to he cooled to 541 K (514 F). Heat 
t.vrh fln grp-r.q are first used to lower the temperature to around 854‘’K 
(1078"P) . The cooling gas (flow 19) comes from the expanders at around 
598‘’K (617°F). This flow Is heated and sent to the MHD plant (flow 29) 
after a small amount is bled off : to the coal drying unit in the coal 
gasification unit. The product gas-solids flow is then sent to a set oj. 
steam generators to be cooled to a final temperature of 541“K (514“F) and 
sent to solids separation (flow 20). The steam produced is sent directiy 
to the gasifier system (flow 16). 

The solids separation system consists of a cyclone to remove 
the ash (and solids intimately mixed with the ash) and an electrostatic 
pnHtipitator to rcniove^^^^^t^ remainder of the soJJ.ds (nialnly shed imttertals) 



This separation is necessary since ash is removed only from the first 
stage of the combustor. To prevent a build-up of ash in the system, the 
ash must be separated from the seed and recycled to the first stage of 
the combustor. It is not desirable to return the seed and ash to the first 
stage, since 20% (Reference 9.7) of the seed introduced into the first 
stage is lost to the slag; but only 2% is lost to the slag if the seed is 
introduced in the second stage (Reference 9.3). To minimize the amount 
of seed loss from the system therefore, it is desirable to achieve the 
maximum separation possible between ash and seed. The basis for the 
separation system utilized is the work by Heywood and others (Reference 
9.4). Their work indicated that the average particle size of ash was 
about 10 pm, while the average seed diameter is about 1.2 pm. A relatively 
clean separation can be made, under these conditions, of the ash from the 
seed by the use of a cyclone. A cyclone, however, was not practical for 
use to remove seed from the gas stream because of the small size of the 
particles. An electrostatic precipitator was utilized, enclosed in a 
pressure vessel. The precipitator is sized to remove 99.5% of the solids 
from the gas stream. The two solids streams are then sent to their 
rBspectxve sections of the combustor- 

The process gas stream, with the solids removed (flow 21) , is 
sent to a Claus plant. This plant contains a sulfur dioxide generator 
where sulfur from the Claus reactor is burned with oxygen; a Claus 
reactor where the sulfur dioxide and hydrogen sulfide are mixed and react 

as 


SO 2 + 2 H 2 S -»• 3S + 2 H 2 O; (A 9.1.4) 

a scrubber/demister where the sulfur (entering as a vapor) is condensed, 
solidified, and washed from the gas stream; a cooling tower to provide 
cooling water to the scrubber/demister; and a settling tank to allow 
the solid sulfur to settle out of the scrubber water. The gas leaves 
this unit cooled to 332‘’K (138°?) and saturated with water (flow 18). 

The flow chart for this regeneration system. Figure A 9.1.2, 
is based on a system using Illinois No, 6 coal and 20% carry-over of the 
ash from the combustor. 
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A 9.1.3 


Overall Potassium Balance 


In order to size the seed regeneration plant, an overall 
potassium balance must be performed on the MHD system and seed regeneration 
system. The derivation of the pertinent equations is presented in Sub- 
appendix AA 9.1.1 for Base Case 2 (Illinois No. .6 coal, as received, 
and 20% ash carry-over in the combustor). Equations A 9.1.5 through 
A 9.1.10 were derived where 

= mass fraction of ash carried over from the combustor 

Y = fraction of sulfur to be removed from the coal 
s 

Yp - fraction of particulates to be removed from the coal 

Y^ = fraction of potassium sulfate converted to potassium 
carbonate. 

and the S's are defined in Figure AA 9. 1.2.1 in Subappendix AA 9.1.2. 

These equations are iterated for various values of Y until in 

c 3 

Equations A 9.1.10 and A 9.1.8 are equal. 

Using these equations, the percent regeneration was found to 
be 86.9%, the ash rate into the regeneration system 3.84 kg/s, and the 
potassium sulfate rate into the regeneration system 32.71 kg/s for Base 
Case 2 (Illinois No. 6 coal, 20% ash carry-over, and 3% moisture). The 
amount of makeup potassium carbonate needed was 1.24 kg/s and the 
electrostatic precipitator capture efficiency required was 99.53%. 

Based on these values, a seed regeneration system for Base Case 
Case 2 was designed. Subappendix AA 9.1.3 contains the detailed 
calculations^ The cost for this system was found to be $29,510,000, and 
it used 9.07 kg/s of coal and required 18.181 MW of electrical power* Of 
the total coal rate needed to run the MHD plant, 6.19% is required to 
operate the seed regeneration system. The mechanical equipment group 
includes the coal reclaimer conveyor, the coal crusher /dryer, the predried 
coal elevator, the ash slurry pumps,, and the electric motor* The heat 
exchange equipment group includes the heat exchangers and steam generators. 
The rotating machinery group includes the lock gas compressor, the oxygen 
compressor, and Liie turbines. Tlie vessels group Includes both pressurized 
and unpressurized vessels. Areas of greatest tost are the oxygen plant 
and vessels* 




Cl- Y ) 


e Y^ (1 + 0.26 (1 - YJ) Q0229 (S„ + S.) 


*^1 v -^ V 4 0*145 5 ^ ^ 

a - (1 - Y^) Yp + >«H,1^1 


where Y^ is the fraction of particulates allowed to be discharged up the 
stack. 


X.„„ . S. = 


(1 - Yg) Sj^ Yj- 


ASH,5 5 Cl - (1 - Y^) Yj.) 

wlicrt- X,.,„ , S, J:» Uu> fish fJow in tlit* rogoncrfiLlon system. 
ASu,!) y 


(A 9.1. 


(1 - Yg) Y^ 1 0.47 Y^ -0.410 

\,S ^8 (1 - (1 - Yj.) Yj.) 10.958 (1 - Y^) 


(A 9.1. 


0.01 -f 0.01 (1 - X^^ 3^) + 0.34 - 2.4 X^ Y^) 


ft 958 (1 - Y^,) 


where X^, g Sg is the potassium flow from the regeneration system to the 
second stage of the combustor* 


S3 = S., C2.49 Xg^^ Y^ -0.714 - Y^ Sg X^^^g 

a - Y ) X T S Y 

f. .^JLd: — ± — t rtiOfil +0.49 Y ) 

(1 - (1 - Yg) Yj) 

where S„ is the potassium flow in the makeup stream. 


(A 9.1, 


\,5 ^AStt,5 


(A 9.1 


where Xj^ 5 S3 is the potassium flow from the regeneration system to the 
first stage of the combustor# 

A potassium balance around the system is given in Equation A 9 •1.10* 

S3 =(0.02 +0.98 Y^) (S3 + Xj^^g Sg) + 85(0.12 +0.48 Y^) 

(A 9 

- 0.8 


(A 9.1.5) 


6 ) 


7) 


8 ) 


.9) 
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Table A 9.1.2 


Eq^uipment Costs for Seed Regeneration System 
for Base Case 2 


Equipment Type 

Cost 

Rotating Machinery 
Heat Exchange Equipment 
Vessels 

Mechanical Equipment 
0:Qfgen Plant 

$ 980,000 
$ 1,160,000 
$10,760,000 
$ 1,560,000 
$15,050,000 


System 

Cost 

Oxygen Plant 

$15,050,000 

Compressors*-Turbine*-Mo to r 

$ 1,070,000 

Gasifier 

$ 4,990,000 

Solids Storage 

$ 600,000 

Regenerator 

$ 2,980,000 

Steam Generators and Heat Exchangers 

$ 1,160,000 

Solids Separation 

$ 2,440,000 

. 

Claus Plant 

$ 1,220,000 
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In the cases where 100% ash carry-over is specified in the 
combustor, it will be necessary to install a leaching plant along with the 
seed regeneration plant. The inlet to the leaching plant is the ash-seed 
mixture obtained from the cyclone. The ash inlet is mixed with 373 K 
(2i2“F) water at 1.418 MPa (14 atm). Sufficient water is added to 
dissolve the seed. The ash is removed from the bottom of the settling 
tank as a slurry. The saturated liquid is then flashed. The liquid-seed 
slurry is fed to a scraped-film evaporator where the pure seed is fonr.ad 
and returned to the second stage of the combustor. The steam from the ^ 
evaporator and flash drum is condensed to saturated water at 373“K (212“ F) 
and returned to the leaching tank. Subappendix AA 9.1.4 presents the 
details in the design of this system. 

ft 

In order to use the material balances presented in Subappendix 
AA 9.1.2 for Base Case 1, effective coal rate, ash content, and 
sulfur content must be computed. Subappendix AA 9.1.5 presents the 
details of the changes required. 

It was found that five factors affect the cost and energy 
requirements of the seed regeneration system. These are: 1) flow rate 
of ash into the system; 2) flow rate of potassium sulfate into the system; 

3) the percent i egeneration of the potassium sulfate required; 4) the coal 
factor (a factor used to correct for the difference in heating value and 
composition of the various kinds of coal); and 5) the MHD gas factor (same 
reason as for the coal factor). The vessels whose costs are determined by 
the ash flow rate are the ash cyclone lockhoppers. The vessel cost 
determined by the flow rate of potassium sulfate is the potassium carbonate 
lockhopper. The vessels whose costs are determined by the combined flow 
of the ash and potassium sulfate are the potassium sulfate surge bins and 
potassium sulfate looks. The remaining equipment costs are a function 
of the product of potassium sulfate flow rate and the fractional 
conversion. These pieces of equipment either handle the process gas or 
are instrumental in producing the process gas. Since the amount of process 
gas is a direct function of the amount of sulfur to be removed, these 
vessel sizes and costs are functions of the product of the potassium 


sulfate flow rate and the percent regeneration# Using the costs devel- 
oped for Base Case 2, the energy and cost requirements were found as 
functions of the above variables# Details of these calculations are 
presented in Subappendix M cost of the regeneration and 

leaching systems were broken down to the factors given in Equations 
A 9.1.11 through A 9.1# 16 where K 2 SO^ and Ash as used in these equations 
represent the mass flow rate of the potassium sulfate and ash in kilograms 
per second. The fractional conversion of the potassium sulfate to 
potassium carbonate is represented by F^^# 


Cost of Vessels, $ - 
966509 

+ 54492 (K2S0^ + Ash)°*^®^ 

+ 130507 (Ash)°*^®^ 

+ 82147 {K2S0^)°*^^^ 


(A 9.1.11) 


Cost of Rotating Machinery, $ = 
120735 [(K2S0 ^)(Fj^)]°-^® 

+ 13161 (K2S0^ + Ash)°'^^ 


(A 9.1.12) 


Cost of Mechanical Equipment, $ = 
54881 [K2S0 ^)(Fj^)1 


(A 9.1.13) 


Cost of Heat Exchange Equipment, $ - 
107729 [(K2S0 ^)(Fjj)]°''^^ 

Cost of Oxygen Plant, $ “ 

962000 [ (K2S0^) (Fj^) f ' 


(A 9.1.14) 


(A 9.1.15) 
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Cost of Leaching System, $ « 


99161 {1 + 0.0227 (Ash) 

73.3 - 0.55 

+ 0.45 t(F^)(Ash) (2.23 - g _ ^^) ] (A 9.1.16) 

1C 

+ 0.175 UAsh)(Pj^)]°‘®^> 

The energy requirements, as a function of the above variables, are given 
by Equations A 9.1*17 through A 9.1.20. 

Electric Power Required for Regeneration, klf = 

0.612 (Fj^) (K^SO^) (A 9.1.17) 

Coal Required for Regeneration, kg/s = 

0.746 (F^) (K^SO^) (CF) (A 9.1.18) 

where CF is the coal factor equal to 1, 0.925 and 1.03 for the bituminous, 
subbituminous, and lignite coals, respectively. 

Steam Required for Leaching, kg/s = 

0.446 (73.3 -- F ) 

2.13 (Ash) (F^) [1 (97,6 - F ) ^ 9.1.19) 

K 

Electric Power Required for Leaching, kW = 

2 + 4.58 (Ash) (Fj^) (A 9.1.20) 

The energy available to tbe MHD cycle from the seed regenerat*5pn process 
is given by Equation 9.1.21. This ene^rgy is available at a temperature of 
899®K (1159®F). 

Energy Available to MHD Gas from the Regeneration, kW = 

11147 (K^SO^) (Fj^) (MHDF) (A 9.1.21) 

where MHD factor, MHDF, has a value of 1, 0,6^ and 0.413 for the bituminous, 
subbiturainous, and lignite coals, respectively. 
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TABl£ A 9a3-eASE CASE 1 RESULTS 


Paramelrfc Polnl 

1 

2 

3 

4 

5 

6 

7 

8 

9 


U 

12 13 

14. 

15 


17 

MHD Coal, kg/s 

156,2 

^.63 

47.81 

156.2 

187.1 

189.0 

235.0 

240.1 

156.2. 

156.2 

156.2 

155.2 164.6 

141,0 

151,9 

148.7 

156.2 

Regancrallon Coat^ kg/s 

7.432 

4.486 

2.319 

7.432 

3.029 

3.128 

3.646 

3.725 

7,484 

7.28 

13.77 

7.216 7.197 

6.670 

7.251 

7,041 

7.432 

Regeneratton Power, kW 

14190 

8562 

4427 

14190 

4076 

4209 

4849 

4954 

14280 

13900 

23650 

13770 15110 

12730 

13840 

13440 

14190 

Regeneration Cost x IQ $ 

29.54 

16,76 

10,28 

24.59 

10.52 

10.72 

11.70 

11.90 

24.58 

24.33 

37.U 

23.69 25.58 

22,78 

24.12 

23,62 

24.54 

Precipitator Eff., ^ 

99.58 

99.57 

99.62 

99.57 

99.50 

99.49 

99.51 

99.51 

99,56 

99.60 

99.48 

99.42 99.51 

99.63 

99.58 

99.59 

99.57 

W8ke-np*, kg/s 

.5748 

.4I»2 

.2175 

.5748 

.7740 

.7442 

.7507 

.7862 

.4228 

1.011 

.1424 

,575 ,4304 

,5934 

.5149 

.6555 

,5748 

Percent Recovery 

97.79 

97.44 

97.60 

97.79 

96.61 

96.71 

96.56 

96.59 

98,37 

96.12 

99.4 

9^9 98.19 

97.82 

98.02 

97.48 

97.79 

Percent Ash Carryover 

10 

10 

ID 

10 

10 

10 

ID 

10 

5 

20 

100 

10 ID 

10 

ID 

ID, 

10 

Cost per kW S/kW 

14.99 

14,30 

17.25 

14.99 

5.95! 

5.529 

6.056 

6. 183 

1^48 

U34 

ia92 

12.12 13.34 

1L50 

12.19 

11.99 

12.63 


10,69 

10.80 

ILQl 

10.69 

3.54 

3,60 

3.34 

3.43 

ia76 

ia45 

20.52 

ia44 ia?2 

9.53 

laas 

10.61 

ias5 
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T^Bl£ A 9. L 4 -BASE CASE 2 RESULTS 


Pararnelrlc Point 

1 

2 

3 

4 

5 

6 

7 

B 

9 

10 

11 

12 

13 

14 

15 

16 

17 

MHO Coal, kg/s 

160.7 

97.12 

50.22 

158,7 

175,4 

188.2 

245.7 

237.0 

160.7 

158.7 

160.7 

160.7 

154.9 

154.9 

152.5 

160.7 

153.7 

Regeneration Coal, kg/s 

8.796 

5.315 

2.773 

8.716 

3.172 

3,443 

4.523 

4,370 

8.933 

8,772 

8.993 

16,55 

8,472 

8.508 

8.343 

8.793 

8.424 

Regeneration Power, kW 

167 90 

10140 

5293 

16640 

4267 

4631 

6015 

58U 

17050 

16740 

17160 

28070 

16167 

16240 

15920 

161 :0 

16080 

Regeneration Cost x 10 ^ 5 

27.83 

19.00 

n .62 

27,64 

11.13 

11,72 

13.93 

13.59 

27.97 

27.59 

28.01 

42,15 

27.54 

27,13 

26.73 

27.82 

26.93 

PrecIpUator^, X 

99,53 

99,53 

99,51 

99,53 

99.56 

99,53 

99.56 

99,57 

99,50 

99.50 

99.47 

99.48 

99.57 

99.53 

99.53 

99,53 

99.53 

Make-up* 

1.054 

.6407 

.2723 

.9650 

1.200 

1,235 

1,316 

1.257 

,5788 

.6903 

.3612 

.0565 

.9114 

.9378 

1.00Q 

1.054 

,9652 

Percent Btcovery 

95.85 

95.83 

96.43 

96.17 

95.43 

95.24 

95,27 

95.37 

97.72 

97.25 

93.58 

99.74 

96.39 

96.17 

95.85 

95.85 

96.04 

Percent Ash Carryover 

20 

20 

20 

20 

20 

20 

20 

20 

IG 

10 

5 

100 

20 

2Q 

20 

20 

20 

Cost per kW 

13.95 

15.95 

19.97 

a89 

5.820 

5,952 

7,136 

6,898 

1403 

13.86 

1405 

21.28 

13.99 

13,72 

13.55 

14 b 

13.55 


12.59 

12L69 

1Z94 

ia55 

3.81 

4,04 

431 

4.18 

laao 

12.62 

12.89 

2476 

1Z68 

1Z29 

1^05 

1Z77 

IZI4 




TABUE A 9.1.5-BASE CASE 3 RESULTS 


Parametric Point 

1 

2 

3 

4 

5 

MHO Coa^kg/s 

I47,.2 

90.57 

45.83 

139.9 

134,9 

Regeneration CcaL kg/s 

0 

0 

0 

0 

0 

Regeneration Prwer, kW 

0 

0 

0 

D 

0 

Regeneration Cost xio^^ $ 

0 

0 

0 

0 

0 

precipitator Eff., X 

99.53 

99.52 

99.53 

99.53 

99.53 

Make-up*, kg/s 

.8460 

.5190 

.2647 

.8045 

.7785 

Percent Recovery 

97.47 

97.47 

97.47 

97.47 

97.47 


•PollucRe 




The total cost is determined by adding together all the appli- 
cable factors. The net energy rate is determined by subtracting the 
energy available to MHD gas from the sum of the product of the coal 
rate, the higher heating value of the coal, the product of the steam rate, 
and the enthalpy of the inlet steam (2378 kj/kg). The total electrical 
power is the sum of the regeneration and leaching power requirements- 

Base Case 3 does not require any seed regeneration plant. 
Calculations, however, were carried out to determine the minimum electro- 
static precipitator efficiency for stack-gas cleaning- These calculations 
are presented in Subappendi:c AA. 9.1.7. 

A 9.1-4 Final Results 

The MHD coal requirement, regeneration coal requireim:iit, electric 
power requirement, makeup seed requirement, cost, and minimum electrostatic 
precipitator efficiency requirement for all three base cases and their 
attendent variations are presented in Tables A 9.1.3, A 9-1.4, and A 9.1.5. 

The percent recovery of seed, the percent ash carry-over, the cost per 
kilowatt of generating capacity, and the kilojoules per kilowatt are also 
tabulated. 

The per kilowatt costs or energy requirements are generally not 
affected by the plant size (Points 1, 2, and 3 for Base Cases Number 1 and 
2). The costs and energy requirement per kilowatt are greatly affected 
by the sulfitr content of the coal being used (compare Points 5, 6, 7, 
and 8 for Base Cases 1 and 2 with the other points). The very high- 
sulfur bituminous coal required a much larger plant and was, therefore, 
more expensive to bud.ld. It required much more reducing gas, thus making 
the plant less efficient. These costs and unergy requirements are not 
directly comparable with the scrubbers presently in use, since these costs 
do not include the cost of the electrostatic precipitator for the stack, 
contingency fees, land costs, and so on; and the energy requirements 
do not include those of the electrostatic precipitator. At this point, 
however, it is possible - to conclude that, for the bitiiminous coal, the energy 
requirements for this seed regeneration system (at least 5.5 to 6.5% of 
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the total power input) is much higher than for a scrubbing operation (2 
to 3% of the total power input) (Reference 9.8). Since the energy require- 
ments of this system are proportional to sulfur flow rate, however, it has 
an advantage over scrubbers when lower sulfur coals (subbituminous or 
lignite) are used. Another advantage this system offers is in the fora of 
the waste product; a wet scrubber produces wet calcium sulfate, and the 
seed regeneration system produces sulfur. The sulfur product is much 
easier to handle and dispose of than is calcium sulfate. 

In Points 11 and 12 of Base Cases 1 and 2, respectively 
both the cost and energy requirement is much greater than other variations 
using the same cual. This is due to the addition of a leaching plant to 
separate the seed and ash mixt ire and indicates that an initial separation 
of the ash from the product gases in the combustor is much more desirable 
than separation in the seed regeneration system. 

Seed recovery factors were in the range of 95 to 99%. For a 
given coal, the seed recovery decreased with an increase in the amount of 
ash carry-over. The exceptions to this were the cases of 100% ash carry- 
over, where the ash and seed were separated in the seed regeneration 
system, and all the seed injected in the second stage of the combustor. 

Base Case 3 did not require a seed regeneration system and had no 
ash in the fuel. Seed recovery for this case was 97.47%. 

A 9.1.5 Uncertainties 

The piece of equipment about which there is the greatest 
uncertainty is the regenerator, because of the lack of data for the 
combined reactions A 9.1.1 and A 9.1.2 (which are repeated here for the 
convenience of the reader) : 

4H^ 4- K^SO^ ^ 2K0H + H^S + ZH^O (A 9.1.1) 

CO^ + 2K0H K^CO^ -f H^O (A 9.1.2) 

That the first reaction takes place is known, and there are data to 
support it. It is not known, however, if the KOH formed on the inside 
of the particles will be able to contact carbon dioxide and react because 


the reaction conditions call for temperatures around 1048®K (1427° F) 9 
considerably above the melting point of KOH [633°K (680°F)]^ This could 
lead to massive agglomeration of the small particles (thereby increasing 
the required time for the diffusion of carbon dioxide into the particle) , 
collection on the walls of the regenerator or heat exchangers, or very 
slow internal diffusion of carbon dioxide due to the formation of a tight 
potassium carbonate crust on the particles. If agglomeration and sticking 
problems occur, the use of an internally cooled reactor in the configuration 
outlined above would be impractical. Instead, a moving-bed type of reactor 
might be used. This would require: 1) separation of the ash from the 

seed prior to its introduction into the ash-potassium sulfate holding 
tanks; 2 ) pelletizing the potassiim sulfate; and 3) pulverizing the 
converted seed before injecting it into the combustor. 

Another unknown is the degree of agglomeration which will take 
place in the ash-potassium sulfate holding tanks. Any agglomeration will 
tend to increase the required residence time in the regenerators and 
decrease the amount of separation obtainable in ash cyclones between the 
ash and regenerated seed. If the desired separation is not obtainable 
in the ash cyclones, then the cyclones will be omitted and a leaching 
system added to the outlet of the electrostatic precipitator. This 
modification would increase the power requirement of the system and the 
cost, but would decrease the amount of makeup potassium carbonate required. 
This is because the loss of potassium compounds is 10 times greater if 
reinjected with ash in the first stage of the combustor rather than 
directly into the second stage. In the present regeneration system, the 
power requirement is the most critical of the three considerations, and 
the present cyclone— precipitator separation system is, therefore, more 
desirable than a precipitator-leaching system. Subappendix AA 9.1.8 
presents a comparison between the power usage of a cyclone -precipitator 
and a precipitator-leaching system. 

The gasifier cost estimate was based upon a theoretical design 
study for an airblown system. Since, at this time, there are no data 
available to confirm the correctness of this design and the modification 
to an oxygen-blown system, the gasifier costs are uncertain. Since the 
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cast of the gasifier is only about 17% of the entire cost, however, a 
change of 100% in the gasifier would only increase the cost of the over-- 
all system by about 17% • 

This study has proposed that U-tube heat exchangers and shell 
and tube steam generators be used to lower the temperature of the gas 
from 1070 to 541®K (1466 to 514®F) - The use of these components depends 
on the physical characteristics of the regenerated seed and ash in the 
regenerator gas stream. It was assumed in this study that the solids do 
not cake on Cube surfaces. If this assumption is shoxm to be incorrect 
by future data, then three alternatives suggest themselves. First, the 
gas stream can be cleaned at high temperature. This option would require 
an increase in the size, and cost, of the solids removal system. Second, 
a recycle quench with cold gas could be used. The disadvantages of this 
method are the increase in size of the solids removal and gas cooling 
system and the lowering of the potential of the energy in the gas. A 
third option would be to design the exchangers to minimize deposition, if 
possible. Of the three options, the third is the most desirable and the 
second the least. It would be expected, however, that the use of any of 
these options would, at the least, increase the costs of the system. 

A 9.1.6 Recommendations for Experimental Work 

The following experimental work is necessary either to verify or 
to provide initial data necessary in the design of several key items in 
this system. 

e Determination of the kinetics of the continued reactions: 

4H^ + ^ ^ 9.1.1) 

CO^ + 2K0H ^ K^CO^ ^2^ (A 9.1.2) 

Investigate the effects of the percent conversion, particle 
size, and reaction temperatures on the rate of conversion 
and the physical cliaracteristics of the potassium sullalr - 
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potassium hydroxide - potassium carbonate materials . Inves- 
tigate the effect of these various factors on the agglomera- 
tion of the seed material and its collection on reactor 
surfaces. If these studies determine that the present re- 
generator design is unsuitablaj then a new system design, 
based on a moving— bed reactor with ash— seed separation per- 
formed immediately after removal from the stack, should be 
considered . 

9 Tlie amount and rate of agglomeration of ash— seed particles 
of different initial sizes (0.5 to 20 ym) , and different 
compositions , storage times , pressures , and temperatures in 
storage bins and gas streams. 

© Determination of the amount, rate, and characteristics of 
the seed materials which cling to the internals of the heat 
exchange equipment. An evaluation of the ef fectxveness of 
methods currently used to remove these deposits is required. 

If these methods are not satisfactory , then new techniques 
must be developed, or different systems or heat exchange 
designs developed to avoid the problems. 

A 9.1.7 Conclusions 

The use of a potassium sulfate-^to-carbonate conversion scheme 
to remove sulfur from the open-cycle MHD combustion products has been 
presented. A lack of fundamental experimental data on which to base a 
design gives rise to serious questions about the operability of the present 
design. Other alternatives are available, but they too lack a firm 
experimental basis. Energy requirements for this system are such that 
the use of any design requiring potassium sulfate-to-carbonate conversion 
must be seriously questioned. For high-sulfur coal, energy requirements 
at least 2 to 3 times above that currently achievable with wet scrubbers 
seems unavoidable. 

The ease of handling the waste product of this system (sulfur) , 
as compared to that of a wet scrubber system (calcium sulfate or magnesium 
sulfate added) provides incentive to continue the development of this 
system. 


9-113 


Subappendix AA 9.1.1 


COST AMD ENERGY COMPARISON OF ELECTROLYSIS 
AND COAL GASIFICATION FOR HYDROGEN PRODUCTION 

To reduce one mole of potassium sulfate according to the reac- 
tion in Equation AA 9. 1.1.1 

AHg + *^ 2^04 2K0H + 2 H 2 O + H 2 S (AA 9. 1.1.1) 

four moles of hydrogen are necessary. Using presently available electro- 
lysis methods (Reference 9.9), the lowest energy requirement per kilogram 
mole of hydrogen is about 105.6 kl^h/kg mole hydrogen, or 75% efficiency. 

If the power to produce the electricity to drive the electrolysis units 
can be obtained from a 50% efficient MHD plant, then the total efficiency 
drops to around 37.25%. In comparison, gasifier efficiencies range from 
85% (Reference 9.10) to 93% (Reference 9.11). The use of a gasifier to 
produce the needed hydrogen assumes that the unused gases and enthalpy of 
the gases can be used elsewhere in the plant. 

Present estimates of the costs of electrolysis units are about 
$35.64 X 10^/kg hydrogen/s ($4,500 Ib/hr), For an MHD plant using 160 kg/s 
of 3.9% sulfur coal, and removing 83.3% of the sulfur by use of potassium 
carbonate, an electrolysis unit to produce the necessary hydrogen would 
co 5 ?*“ at least $49.2 million- A comparable coal gasifier (oxygen^blown) 
would cost $ 20-6 million. 


Subappendix AA 9.1.2 


OVERALL POTASSIUM BALANCE ON 
MHD SYSTEM FOR BASE CASE 2 

The follox'jing material balance is for Base Case 2, where the 
coal is burned in che combustors directly. For this case, the following 
assumptions were made concerning potassium loss from the system; 

1. 20% (Reference 9.7) of the potassium entering the 
fixst stage of the combustor would be rejected in 
the slag as potassium carbonate. Of this rejected 
potassium, 50% of the potassium carbonate will 
react with sulfur to form potassium sulfate, 

2. 2% (Reference 9.7) of the potassium introduced 
into the second stage of the combustor is lost to 
the slag. 

3. 0.01% of the potassium is lost in the bottoming 
plant. 

A flow sheet of the overall system is presented in Figure AA 9. 1.2.1. 

The S values correspond to the total mass flow rate; the values to 

the mass fraction of the compound of element "y”* A. number subscript 

refers to a particular flow to or from a vessel was Indicated in 

Figure AA 9. 1.2.1. For a coal-ash feed rate of Sj^, mass fraction 

will be potassium. From the British work (Reference 9.4), the ash which 

comes out of the electrostatic precipitator and is returned to the first- 

stage combustor at a flow rate, S^, has about 60%, by weight, potassium 

sulfate. Therefore, for an ash mass fraction of amount of 

potassium returned with the ash to the first stage of the combustor is 

0.6 X c Sc' Carrying out a mass balance on the first-stage combustor 
ash) 5 5 

for potassium, one obtains Equation AA 9. 1.2.1; 
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Sj KgCOg Makeup 
1st - 2nd Stage Gas 
Sj Ash, KgSO^, KgCO^ 
Ash, KgSO^, K 2 CO 3 

h ¥®3 


Seed 

Regen. 


Sg K2SO4, K2CO3 
Sg Gas+KgSO^+Ash 
S|Q Gas +K2S.O^+Ash 
Sjj Ash+KgSO^+Ash 
Sj2 Gas+KgSO^-f-Ash 
Sj3 Gas-s^KgSO^+Ash 
$14 KgSO^+Ash 


Fig. AA 9. 1. Z 1-Fiow sheet of open-cycle MHO system 







\,4 ■ *K.l ^1 '‘ash.5 =1 ^‘aah.S S> 


“•« *K.l *1 *ash,5 h 


One notes that the potassium rejected with the ash is assumed to use only 
50% of its available potassium carbonate for sulfur removal, the reason- 
ing for which follows. The British work (Reference 9-4) has shown that 
when the slag and gas are separated at temperatures above about 2200 ”K 
(1478°F), one should expect little or no potassium in the slag. If one 
injects the ash-potassium mixture, it is more reasonable to assume that 
the 20 % potassium carried over in the slag never left the ash-potassium 
mixture, and that only the potassium carbonate near or on the surface re- 
acted with sulfur. Since no data v?ere available, therefore, it was 
assumed that 50% of the potassium available as potassium carbonate and 
carried over in the slag reacted to form potassium sulfate. 

If Y„ is the fraction of the sulfur which must be removed from 
the coal to meet current federal standards, then the sulfur removed is 
given by the mass balance in Equation AA 9 .1.2. 2: 


32 


(Xg^l)(S^){Yg) - [(0-5)(0.2)(0.6)(X^^j^^3)(Sg> + (0.5) (0,2) S^)l ^ 


- (S,inSiK^s) - t(0.06)(X^^^^g S 5 ) (0.1)(X^^3^ S^)] 0-140 

(AA 9-1, 2.2) 

The next step is to calculate the amount of sulfur to be removed in the 
second stage of the combustor. Assuming that Y^ is the fraction of all 
the potassium sulfate which enters at a flow rate, that is converted 

to potassium carbonate, then the potassium-sulfur balance is as given by 
Equation AA 9 -1-2. 3: 
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^ ®3 + ''c =8 \.S 


^ 78 78 


-S.! ^1 ^8 - <°-°^ ^ash.5 °5 * \.l °1> 

32 


or 


S3, kg/s = S3 (2.49 Xg^3 S3 Yg - 0.714 Xj,^3) - Sg 

- 0.55 3 S3 Y^ (AA 9. 1.2. 3) 

where S3 is the potassium flow rate in the form of potassium carbonate. 

The next requirement to be met in the second stage of the com- 
bustor is that the potassium be 1% by weight of the total mass in Sg, ex- 
cluding the ash. This requirement is reflected in Equation AA 9. 1.2. 4: 

0.98(33 + 3 Sg) + 0.8 3^ 3 S3+ 0.48 3 S3 

- ^.sh.l> + =2* * "'c *K,8 ®8> \.h.5 S ’'r. TT 

0.01+ 0.98(1 - h 7T + '>-“ ’‘.sh.5 

Solving for Sg Xj^ g, one obtains 

\,8 ^8 “ 

-S_ X , ^(0.0022 Y + 0.469)+ 0.01 S„+ 0.963 Sg + 83(01)1(1 - X_ . 3)- 0.8 Xj^ 3) 
^ (b. 0046 Y^+ 0.958) 


"V 


174 

78 

(AA 9. 1.2.4) 


(AA 9. 1,2. 5) 


tfj&mum 

4 — — — , 


T 



If Y is tha mass fraction of the ash which must be captured before the 

P 

flue gas meets current federal standards on particulate emission and is 
allowed up the stack, then the amount of particulate matter to be 
allowed up the stack is (1 - Y^) kg/s. This mass rate of par- 

ticulates would, in the present case, include any potassium sulfate 
allowed to escape to the environment. If is the fraction of solids in 
allowed to leave in 

^12 \olids,12 " “ ^p^ \sh,l ^1 

or 


Yjj r(0.9a)(^)(S3 -i- Sg (0.8 + 0.48 Sg) 

^ash,l h ^ash,5 ^5^ *1^ = (1 - Yp) \sh,l ®1 

where Y^ is the mass fraction of the ash carried over from the combustor. 
Solving for Y^, one obtains 


(1 - Y ) X , 1 S. 
p ash,l 1 


‘e - 2.9(83 + =8 \.8> ^,1 + *a.h,5 ''l> 

(AA 9a.2.6) 


If a mass balancG is done based on the ash entering and leaving the re- 
generation system, one obtains 

X - ^ Sc = (1 Y„)(X . - S- + X , - Sc) 

ash, 5 5 ■ E ash,l 1 ash, 5 5 I 

or, solving for 5 one obtains 


X 


■ - V ^ash.l ^1 "l 

ash, 5 5 ” 1 - (1 - Yg) Yj 


(AA 9. 1.2. 7) 
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Substituting Equation M 9. 1.2. 7 into Equations AA 9. 1.2. 3, AA 9. 1.2. 5, 
and AA 9. 1.2. 6, one obtains 

S3 « S, (2.49 Y3 - 0.714 Sg 


(1 - Yg) 


X . - S. Y^ 
ash.l 1 I 


(1 


(1 - Yg) 


^I> 


(0.061 + 0.49 Y ) 
c 


(AA 9. 1.2.8) 


\,8 h 


Sj(0.01 (1 - - 0.8 0.01 S^- 0.963 S3 

- - ""e^ ""ash,! SfY^(.0.0022 Y^+ 0.469) 

(1 - (1 - Yg) Y3,) 


(0.0049 Y^ + 0.958) 


(AA 9. 1.2. 9) 


^E = 


\sh.l ^1 


2.9(83 + ^8 Vl ""l ""ash.:^ 


. - V \sh.l ®1 

■*■ (I - (i - Yjj) Y^) 


(AA 9.1.2.10) 


Substituting foi’ S3 in Equations AA 9. 1.2. 9 and AA 9.1.2.10 using 
Equation AA 9. 1.2. 8, one obtains 


^,8 ®8 


- V ^'ash.l Si ’l 

0.47Y - O.41I 

c 

U - (1 - Yg) Yj) 

0.9~58(1 - Y^) 


0.01 S- 
^ 1 


2.4 X, 




_'l ■ ^ash,l^ ^1 

0.958(1 - Y.) 

(AA 9.1.2.11) 
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ai 


(1 - (1 - Yg) YjHSg 2.19(1 - Y^) -1-5.A5 Yg- 0.223 Sj^) 


> (0. ')(.■) • 1.07 Y^.n - Y|.) + I) «| Y, (AA <).I.2.I2) 


SubmitutltiK lor X|^ g Sg from Equation AA 9.1.2.11 Into 
liquation AA 9.1.2.12, one obtains 


(1 - Y_) 


‘E Y,(l+ 0.026(1 - Yj) 0.0229(3, + S^) , 

n - n - Y 1 Y 1 + “X X~^ 

(1 - (1 - Yg) Y^) 

(AA 9.1.2.13) 

If the only losses of potassium from the system are through the combustor 
stages, the steam bottoming plant, and the stack, chan the percent re- 


covery xs 


% Recovery » 


100 1 - 


0.98 (S 3 + Sq) + + 0.6 (78/94) 

(AA 9.1.2.14) 


As these equations are solved for various Y^^s, a point will be reached 
where the potassium flow rate into the system* will equal the flow of 
potassium out of the system. This balance is written as 



S3 “ 0.02 (S3 + Sg) + (0.2) (0.6) S5 

+ 0.0001 (0.98 (S3 + Xj^^B V \sh.S 

+ Yg (0.9999 (0.98 (S3 + X^^q Sg) + (0.8) (0.6) S^)) ~ 0.8 X^^^ 


S 3 = (0.02 + 0.98 Yg)(S 3 + Xj^^g Sg) 

•*• ""ash.S V - Vl "1 


(AA 9.1.2.15) 
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Subappendix AA. 9.1.3 
EQUIPMENT SIZING AND COSTS 


AA 9*1*3*1 Potassium Sulfate-Ash Storage-Feed System 

f 

Potassium Sulfate Surge Bin 

Plow rate of potassium sulfate in = 32.71 kg/s 
Plow rate of ash. in = 3.84 kg/s 
Total flow in = 36.55 kg/s 

Assuming holdup time of 3.6 ks (1 hr) and density of potassium sulfate 

3 

and ash powder to be 190 kg/m (Reference 9.4),: 

n ^ j 3 36.55 m • 3600 s 

Storage volume required, m = = 691 

Temperature of storage 350° K 

Pressure of storage “ 101.3 kPa • 

The vessel chosen was 4.57 m (15 ft) in diameter by 14.02 m (46 ft) high 
and weighed 100 Mg (10.23 tons). Installed cost was estimated to be 
$120,000 for each of three vessels. [Note: Pressure vessel and bin 

weights and cost were estimated from Guthrie (Reference 9.12).] Vessel 
weights include supports, heads, shells, and contents. This vessel re- 
quires a shaking device to aid in transferring the contents. Carbon 
steel is specified for all material. The price given is adjusted to 
early 1974 by using CE Plant Cost Index (Reference 9.13). 
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ITY OF THE 


Potassium Sulfate Lodes . Each lock fills in 89 s. Pump time 
allowed is 178 s. The temperature of operation is about 350°K (170'’F). 
The pressure of operation is 0.1011 to 1.722 MPa (1 to 17 atm). Locks 
are pressurized utilizing hot fuel gas. Vessel size is chosen to be 
2.44 ra (8 ft) diameter by 3.66 m (12 ft) high. A shaking device to aid 
in transferring the contents is required. The vessel weight was calcu- 
lated to be 13.337 Mg (14.701 tons). The installed vessel cost was esti- 
mated to be $80,000 based on construction with carbon steel. 

AA 9. 1.3. 2 Coal Gasifier System 

This system is a scaled version presented by Vldt and Petarson, 
Reference 9.11, utilizing an oxygen-blown gasifier rather than an air- 
blown gasifier. The scale factor was obtained as follows. The number of 
kilogram moles of potassium sulfate to be converted is; 


kg moles ^ ^2^^4^ 


1 kg mole 


174 kg K^SO^ 


(0.869) 


(0.869 is the required conversion of potassium sulfate to potassium car- 
l.onaLf). Assiimfng tliat uL lo.utL 502 of tin- available* carbon immoxhU* ami 
hydrogen is used (Reference 9.6) in converting the potassium sulfate to 
the potassium carbonate, and that these are the limiting reagents, 

1^4 kg mole (H 2 + C0)'| 

(0 . 169 K 2 S 0 ^) [ kg mole K 2 S 0 ^ 'J 

kg moles ot gas ~kg mole (H, + CO) 

(0.50M0.6625) tg g,. 


kg moles of gas « 2.04 

The molecular composition of the gas is based upon data pre— 
seated by Hamm (Reference 9.14) for Illinois No. 6 bituminous, and modi- 
fied for an oxygen-blown system. For a gas of molecular weight 21.3, the 
gas rate is 
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2.04 


kg mole gasj (21.3) = 43.45 ^ 


The coal rate is 


43.45 




gas 


2 22 Hg 
• leg coal 


= 19 


.55 (dried) 


The oxygen rate is 


f Ira • ) f 0. "I K.g ' 

[19.55 f coalj [0.726 = 14.20 — 


kg 0, 


The steam rate is 


19.55 ^ 
s 



0.608 


kg steam 
kg coal j 


11.89 


steam 

s 


Since Vidt and Peterson’s fuel gas rate was 140 kg/s, the required plant 
size is scaled as follows: 


43.45 

140 


“ 31% of size for gas-handling equipment. 


and 


4.28 

2.22 


43.45 
s 

140 


= 0.598 the size for solids equipment. 


Coal Bin . The coal bin was scaled down from Vidt and Peterson 
3 3 

to a volume of 8.15 m, (287.8 ft ). Carbon steel construction was assumed. 
DImoiislons wore 3.66 by 3.66 m (11.81 by 11.81 ft), with tlie two sides 
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sloped at 60“ to horizontal to form the chute. It was found from costing 
other nonpressure items that the current installed cost was twice the 
cost reported by Vidt and Peterson. A cost of $50,000 was assumed. The 
weight was about 154.682 Mg (170.50 tons) (full). 

Coal Reclaimer Conveyor . A capacity of 29.356 kg/s 

(116.24 ton/hr) was required. It was a belt- type conveyor 0.362 m 

(14.25 in) wide, 24.1 ra (79 ft) long, and 10.4 m (34.1 ft) high. From 

pricing other mechanical equipment (pumps), Vidt and Peterson's price was 

found to be multiplied by 4 (due to price increases). The Installed 

price of $100,000 was assumed. Assuming a bulk density of around 
3 3 

803 kg/m (50 Ib/ft ), and obtaining a value of 0.865 kW/3.05 m (1.16 hp/ 
10 ft) lift, and 0.865 kW/30.5 m (1.16 hp/100 ft) centers from Perry 
(Reference 9.15), a power requirement of 3.81 kW (5.1 hp) is obtained. 
Allowing a margin of 100%, this works out to about 7.46 kW (10 hp). 

Coal Crusher Surge Bin . A scaled size was found to be 3.66 m 
(12 ft) diameter by 10.67 m (35 ft) high. The full weight of this bin, 
which was made from carbon steel, was 116 Mg (127.87 tons). The cost, 
estimated from Guthrie, was $90,000. 

Coal Crusher /Dryer . The Illinois No. 6 bituminous coal was 
assumed to have been dried from 13% moisture to 3% moisture before being 
used in the gasifier. At a coal rate of 23.61 kg/s and an efficiency of 
50%, the amount of energy required is 

I no Cl kg f 10% removal ] kcal 

j23.61 coaj (^2 efficiency/ 

A cost estimate based on the same assumption as the coal reclaimer con- 
veyor is $1,280,000. The weight is 116 Mg (127.87 ton) and the power re- 
quirement is about 298 kW (400 hp) (Reference 9.15). 

Co al Surge Bins . Two coal surge bins are required. Each is 
3.66 m (12 ft) diameter and 18.59 m (61 ft) high. They were consti acted 
of carbon steel. Loaded weight of each is 145 Mg (159.83 tons), and the 
cost is $210,000. 
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Predried Coal Elevator ♦ This is a bucket elevator with a 


15.24 m (50 ft) lift. The capacity is 29.293 kg/s (116.24 ton/hr). 

Power requirements are estimated at about 11.19 IcW (15 hp) Reference 9.15 
(2Y/ over estimate). The cost is calculated at $70,000. 

Sized Coal Feedlocks . These vessels are 1.83 m (6 ft) diameter 
and 3.66 m (12 ft) high. They are constructed of carbon steel and built 
to withstand pressures up to 2.026 MPa (20 atm). The design is based on 
0.833 cycles/ks (3 cycles/hr). The weight when filled was 18.727 Mg 
(20.642 ton). Cost was estimated at $60,000 each. Two were required. 

Sized Coal Feed Hoppers . Same specifications as on the sized 
coal feedlocks. 

Goal Preheater . This vessel is 2.74 m (9 ft) diameter and 
4.27 m (14 ft) high. It was constructed of carbon steel to withstand 
pressures up to 2.026 MPa (20 atm) at a temperature of 617®K (651®F). In- 
ternals include 2 two-stage Ducon cyclones, 0.61 m (2 ft) diameter and 
1.2 m (3.94 ft) high. The weight was estimated at 14.091 Mg (15.532 ton) 
and the cost at $80,000. 

Volatilizers . These vessels are lined with 10.16 cm (4 in) of 
Harblson Walker Gas tolas t G and 1.22 m (4 ft) of Harbison Walker Castable. 
The upper part of the stainless steel clad shell is 5.45 m (17.88 ft) 
dimater and 3.73 m (12.23 ft) high. The lower section is 2.48 m (8.13 ft) 
diameter and 9.44 m (30.97 ft) high. The design pressure of the shell is 
2.026 MPa (20 atn). The design temperature is 617”K (651®F) and that of the 
internals is 1144 (1600®F). The weight is 166.344 Mg (183.36 ton) and 
the estimated cost is $680,000 each. Internals include a refractory par- 
tition and 2 Incoloy 800 Ducon cyclones with dip legs and flapper valves. 
Two units are required. 

Gasifiers . These vessels are constructed of the same materials 
as the volatilizers. The upper section is 5.46 m (17.91 ft) diameter and 
2.48 m (8.14 1 L) mul Lhc lower hucLIou Is 2.4B id (8.14 It) dlamcler 

and 7.19 m (31.72 ft) high. Internal design temperature is 1367°K 
(2000®F). The weight is estimated at 132.683 Mg (146.25 ton) and cost at 
$520,000 each. Two units are required. 
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Ash Qusnch Pots * There are two vessels, each stainless steel 
clad* They are 1*83 m (6 ft) diameter and 3.66 m (12 ft) high* Pres-- 
sures up to 2*026 MPa (20 atm) and temperatures to 617”K (651®!?) can he 
handled. Full weights are 8,273 Mg (9*119 ton) and the cost is estimated 
at $60,000 each. Two units are required. 

Ash Slurry Locks . Same specification as ash quench pots. 

Ash Slurry Pumps . These are two 8.2 kg/s, 7*48 kW rubber-lined 
mud pumps. The medium they pump is 18% ash and water. The cost is esti- 
mated at $10,000 each. Two are 'required. 

AA 9. 1.3. 3 Regeneration and Separation System 

The regeneration process is based on data presented by the 
United States Bureau of Mines (USBM) . In their work, cylinders of potas- 
sium sulfate plus ash 0.310 cm (0.122 in) diameter and 0.64 cm (0*252 in) 
high were used. In this MHD study, the size of the potassium sulfate particles 
was taken to be 2 pm. 

From Levenspiel (Reference 9.16) for a first-order reaction 
with the rate of gas diffusion through a particle being the rate control- 
ling factor, Equation AA 9. 1.3,1 results: 

(AA 9.1. 3.1) 

~ the outside radius of the particle 

the final radius of the unreacted core 

=* the density of the potassium carbonate shell 

“ the diffusion coefficient of hydrogen in potas- 
sium carbonate 

- is the concentration of hydrogen in the gas. 


where 


K2CO3 






1.5 D, 
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Aris (Reference 9.17, Figure 6.7) shows that there is little 
difference between the reaction rate and cylinder of the same diameter. 
Therefore, the USBM data will be assumed also to apply directly to a 
spherical geometry. For a final conversion of X, (X = 0 is no conversion, 
X - 1 complete conversion) , the relation between the unreacted core 
radius (r^) a d the final conversion is 


X « 



or 


^ = a - (AA 9 . 1.3. 2 ) 

R 

Substituting Equation AA 9. 1*3. 2 into Equation AA 9. 1.3.1 for one 

obtains 


T 


-K,C03 


1.5 D, 






(AA 9. 1.3. 3) 


The time rates for two different values of and X is given in 
Equation AA 9*1.3. 4 


T 

T 


1 

2 





i - 3(1 - + 2(1 - X^)l 

1 - 3(1 - + 2(1 - Xj)] 


(AA 9. 1.3. 4) 


In Eeference 9.6, C = 1, X “ 0 . 5 , R = 0.16 cm (0.062 In), and 
T = 4.320 ks (72 min). In the present study, = 0.21, X = 0.9, and 
R^= 1 ym. Solving Equation AA 9. 1.3. 4 for these values, one obtains 


T 


1 


= (72) (60) 


1 

-4 

1 X 10 ^ 

2 

1 - 3(1 - 0 . 9 >^^^ + 2(1 - 0 . 9 ) 

0.21 

; 

0.16 

1 J 


1 - 3(1 - 0 . 5 )^^^ + 2(1 - 0 . 5 )J 


= 0,0405 8 


for the reactor residence time. 

If the particles should agglomerate to about 20 ym diameter, 
then the reactor residence time would be increased by a factor of 100 to 
4.05 s. Assuming the larger particles, and a safety factor of 300%, the 
residence time is 14.2 s. The gas volume flow rate, V, was calculated 
from the perfect gas Equation AA 9.1.35 in SI units 


V 


MRT 

P 


20.4 


8.31 kPa 
1494 UPa 


1048 


3 

11.89 ~ 
s 


(AA 9. 1.3.5) 


The total volume for regeneration is the product of V and the residence 
3 

time, or 169 m . 

Regenerators . If two regenerators of 84 m^ (2966 ft^) each are 
used, and a gas velocity of about 1.52 m/s (4.986 ft/s) is maintained 
then the size will be 3.16 m (10.37 ft) id and 12.5 m (41 ft) high. 

The required heat transfer area is 340 m (3660 ft ) .. 

5.08 cm (2 in) diameter tube the area per unit length is 0.1596 m /ra 
(1.718 ft^/ft). If the cross section has a diameter of 3.16 m (10.37 ft) 
and the tubes are arranged on 7.62 cm (3 in) square pitch, then a maKimum 
of 1350 pipes will fit. For the 1350 ptpes the heat transfer area per 
meter of regenerated length is 216 m^/m (708.6 ft /ft), so two 1 m sec- 
tions will be required. 


The velocity in the unimpeded area [7.84 (84.38 ft )] of 

the reactor is 1.52 ra/s (4.987 ft/s), since the total pipe cross- 
sectional area is 2.74 (29.493 ft^) . Neglecting the wall thickness 

of the tubes, the flow velocity .in the tubes would be approximately 
4.35 m/s (14.27 ft/s). To increa-.- the velocity of the process gas- 
solids mixture through the pipes, the number of pipes in each section 
will be halved to 675. There will be four 1 m sections of heat trans er 
area. The velocity of the seed-process gas mixture will be 8.7 m/s 
(28.54 ft/s) through the pipes. The cost is calculated as 

Shell [3.16 m (10.37 ft) dia by 12.5 m (41 ft) $ 670,000 

high, rated at 2.026 MPa (20 atm), 1200“K 
(1700“F), 316 SS clad] 

4 Seat Exchangers [133 m (1432 ft ) area each, 870, 
rated at 2.026 MPa (20 atm), 1200“K (1700“F), 


316 SS 1 

3 Interconnecting pipes [1 m dia, 2.026 MPa 
(20 atm), 6 m (19.68 ft) long] 

8 Flanges [4.136 MPa (600 psi) rating SS] 

6 Elbows (SS, 90“) 

total 


10,000 

100,000 

40.000 

$1,490,000 


Removal Cyclone . The purpose of these cyclones was to 
separate the ash from the gas-seed stream. In all cases except the 100% 
ash carry-over system, this ash is cycled directly to the first stage of 
the combustor, as about 30% by weight of the ash is potassium oxide 
(Reference 9.4). The potassium sulfate contained in this ash is assume 
to have been converted to potassium carbonate (86.9% conversion potassium 
sulfate to potassium carbonate), and to be available to remove sulfur 
from the gas stream. In the case of 100% ash carry-over, a small leach- 
ing, drying plant will be added. This plant is considered later. 

The gas stream entering the cyclone will have been cooled 
541“K (514“F) by the preceding heat exchangers. The volume flow rate 


3 3 

then calculated from the perfect gas law to be 5.75 ra /s <203.06 ft /s) 
for a gas temperature and pressure of 54l"K (5l4'*F) and 1.4702 MPa 
(14.51 atm), respectively. For this volume flow rate and an assumed 
pressure drop of 50.65 kPa (0.5 atm) through the regenerators and heat 
exchangers. Using the equation 



9p 


l0.5 




[obtained from Perry (Ref erence 9. 15) J where 

5= particle size of which half is removed (taken to 
be 10 X 10“® m) 

p - viscosity of gas stream (''> 2.75 x 10 ^ ni/s^ 

=j duct width in meters (square duct Inlet assumed) 

= number of rotations of gas in cyclone (taken as 
5) 

= velocity of gas stream into inlet duct (assumed 
to be 5.75 m^/s/B^^) 

Pg - p = density difference between particles and gas 

(2.20 X 10^ g/m^) 

Solving for one obtains 


B 


c 


•D ^ 2ti N 5.75 
Pc 

9u 



= 0.548 m 


Using the standard cyclone proportions presented in Perry (Reference 916), 
the diameter and heights of the straight and conical sections were each 
2.19 m (7.185 ft). This vessel is stainless steel clad and rated at 
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2.026 MPa (20 atm) and 600“K (620“F) . The approximate weight is 8.886 Mg 
(9.795 ton) and the cost is $240,000 each. 

The pressure drop can he estimated from Perry (]leference 9.1$ 
from the equation 


DP., kPa = 3.99 X lO'^ 

where p in kg/m^ units and V is in lu/s units. For p = 8*6 kg/m 

gas 

and V =19.15 m/s, the pressure drop is 11.14 kPa (0.11 atm), 
gas 

Potassium Carbonate Removal * The use of a cyclone to remove 
the remaining potassium carbonate dust is impractical. The smallest par-- 
tide which can be removed, before sonic velocity is reached, with 50/i 
efficiency is about 1.00 pm. This means that at best, 95/^ of the dust 
will be captured. To overcome this problem, an electrostatic precipita-- 
tor is proposed* From Heywood (Reference 9.4), the relation between ef- 
ficiency and size is: 


(-0*0427 )(A/V) 

E — i. ~ e 

where A is the area and V is the volume flow per second* For a volume 
flow rate, V, of 5-79 m^/s (12,268 ft^/min) , an area, A, of 718.4 m^ (7733 ft^) 
is required for a collection efficiency of 0.9954* If the unit is en- 
closed in a cylinder 6.1 m (20 ft) diameter, and the plate spacing is 
0*203 ra (8 in), then 22 plates, each 4.24 m by 7.70 m (13.91 by 25.26 ft) 
are required. Energy usage, estimated from Perry Reference 9*15) is 
9.2 kW* The cost is estimated to be $1,040,000, installed. 

Ash Lockhoppers . The ash rate is 3.84 kg/s (8.466 Ib/s). For 
1 hr holdup and assuming a density of 190 kg/m^ (11-86 Ib/ft ), a volume 
of 72.8 (2571 ft^) is needed. These vessels are rated at 2.026 MPa 

(20 aim) and 600**K (620“F) and nvc roiislruclcd uf carbon steel. The I r 
dimensions are 2.74 m (9 ft) diameter by 6.17 m (20.24 ft) high. Two are 
required. Each weighs about 22.179 Mg (24,447 ton) and costs $160,000. 


Potasflluig Carbonate Lockhoppers . The potassium carbonate and 

potassium sulfate flow rates are 26.64 kg/s (58.73 Ib/s) for 3.6 ks 

3 3 

(1 hr) holdup; and, assuming a density of 190 kg/m (11.86 Ib/ft ), a 
3 3 

volume of 505 m (17,834 ft ) is needed.. These vessels are rated at 2.026 
MPa (20 atm) and bOO'^K (620°F), and are constructed of carbon steal. 
Their dimensions are 4.88 m (16 ft) diameter by 13.1 m (42.98 ft) high. 

Two are required. Each weighs about 98.335 Mg (108.4 ton) and costs 

$ 120 , 000 . 

AA 9.1. 3.4 Sulfur Removal System 

The sulfur removal system consists of a Claus Plant, gas heat 
exchangers to reheat the gas to make it suitable for injection into the 
combustor, and turbine and compressor units to lower the fuel gas to 
0.606 MPa (6 atm), and produces 1.722 MPa (17 atm) oxygen and fuel gas for 
the gasifiers and lockhoppers, respectively. The heat exchangers are 
also used to cool the gas feed into the cyclones. 

Claus Reactor . Previous work in this f ield (Ref erence 9) has 

established that a reactor residence time of 1 s is sufficient. It is 

assumed that the reactor has a total of half its volume filled by solid 

3 3 

catalyst. The catalyst is assumed to weight 1.602 Mg/m (100 Ib/ft ). 

The volume flow rate of gas, Vol, to be treated is 


Vol 


[C5. 


79 


3 / 

m /s 


(0.099) (1.88) (0.082) (541) 
(2) (14.39) 




6.028 — 


The 0.099 is the mole fraction of hydrogen sulfide in the gas stream, 

Half of this amount of sulfur dioxide is needed, at a temperature of 541®K 

(514®F) ,1.458 MPa (14.39 atm), and 1.88 moles of gas inlet. The total 

3 3 

volume of the reactor is therefore 12.16 m (429.4 ft ). This vessel is 
a stainless steel clad pressure vessel rated at 2.026 MPa (20 atm) and 600“K 
(620 °5*)* "JHie size is 1.6 m (5.25 ft) diameter and 6 m (19.69 ft) high. 

The total weight is 14.075 kg (0.5.517 ton) and the cost is $210,000 
[assuming a catalyst cost of $2. 20/kg ($1.00/lb)l. 
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Scrubber/Demlster . The lower portion of this vessel is an 
open spray tower in which the gaseous sulfur is condensed, solidified, 
and washed from the gas stream. The upper part of the tower contains 
wire mesh demisters. The maximum gas velocity is 1 m/s (3.28 ft/s) in 
the scrubber. This gives a vessel diameter of 2.79 m (9.15 ft). For a 
contact time of 5 s, the scrubber height is 5 m (16.40 ft). The water 
temperature used in the scrubber is 332®K (138° F). The gas is assumed 
to reach this temperature. The volume flow rate in the demister section 
for a flow rate of 1.88 kg/s (4.145 Ib/s) at a pressure of 1.433 MPa 
(14.15 atm) is given in Equation M 9. 1.3.6. 


Vol 


1.88 


(332) (8.30) 
1.433 


I 


3.62 


(AA 9. 1.3. 6) 


The velocity in the demister is, therefore, 0.592 m/s 
(1.94 ft/s), and for a 5 s residence time, the height would be 2.96 m 
(9.71 ft). This vessel 5.s stainless steel clad, rated at 2.026 MPa (20 atm) 
and 600“K (620“F). The weight is 1.00 Mg (1.102 ton) and the cost 
$490,000. 


Forced Draft Water Cooler . The composition of the gas on inlet 
to the scrubber if shofTO in Table AA 9. 1.3.1 


Table AA 9. 1.3.1 


Scrubber Inlet 

Gi.\s Composition 

Component 

Mole 

^2 

0.1522 

CO 

0.2055 

co« 

0.2753 

V 

0.3068 

Ctl, 

4 

0.0601 


and lias an enthalpy given by the equation 

Enthalpy = 30.851 + 11.553 x lO"^ kJ/kg mole gas 
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For an inlet temperature of 541°K (514°F), a flow of 1.88 kg 
moles/s (4.145 lb moles /s ) , and a molecular weight of 27.70, not including 
the entrained S, the enthalpy flux is 23.789 MJ/s (22,552 Btu/s [222®IC 
(-60®F) base temperature]* The outlet composition is sliown in Table 
AA 9.1. 3. 2. 


Table AA 9. 1.3. 2 


Scrubber 

Outlet Composition 

Component 

Mole 

«2 

0.2167 

CO 

0.2927 

CO 2 

0.3921 

H^O 

0.0128 

CH^ 

0.0856 


and has an enthalpy given by the equation 

Enthalpy “ 25.953 + 12.767 x lO"^ kj/kg mole gas 

and a heating value of 220,447 MJ/kg mole (9479 Btu/lb mole). At a gas 
temperature 332 (137 ®F) and a flow rate of 1.32 kg moles /s (2.91 lb 
moles/s), a molecular weight of 27.50, the enthalpy flux is 4.797 MW 
(4547 Btu/s). The water temperature is allowed to reach 420®K (296®F). 
Considering the heat capacity of water to be 4.186 kJ/kg®K (1 Btu/lb°F), 
the water rate needed is: 


Water rate 


(5683-1146) 
1 (420-332) 


51.6 kg/s 


From Perry (Reference 9.15) the water tower concentration rate 

is at least 2.033 kg/m^ (0.416 Ib/s ft^) . Running the tower at 110% 

saturation to allow for surges in the water rate, the total fan power 

needed is 11.27 kW. The needed pump power is 210 kW (assuming an 

2 2 

i-f I Ir IiMii y of 50%). Tlit^ total surUo i* nriNltMl lo 74. o m (7fi4,H fl ). 

IL a packed column using TellereLtu Packing by Cel cate (h ul. llized, which 
has 181.45 m^/m^ (55.3 weighs 120.15 kg/in^ (7.5 Ifa/ft^), and 
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0 *5 3 

costs $495 /m ($14. 02/ft ) for the 2.54 cm (1 in) size, then 0*272 m 
(9.606 ft^) of packing is needed, allowing for an efficiency of 50% in the 
performance of the packing. The water evaporation rate is 8.4 kg/s 
(18.51 Ib/s). Allowing 2% of the water circulation rate for blowdown, 

I hi* total makeup water m*eded la 8.6 kg/s (18.96 Ih/n). Tlu» lower \h 
i m (3.28 It) in diamuLer and 2 m (6.56 It) high, made ol sLaiuless steel 
rlad carbon steel. Tlie total weight is 1 Mg (l.lOl tons) and It coots 
$140,000. 

Ueat Exchangers and Steam Generators . The composition of the 
process gas from the heat exchangers is given in Table AA 9.1.3.3 


Table AA 9.1.3. 3 

Heat Exchanger Outlet Gas Composition 


Component 


2 

CO 


CO, 


V 

H2S 

CH, 


Mole Fraction 
0.1522 
0.2055 
0.2753 
0.2078 
0.0990 
0.0601 


molecular weight = 26.30 

Enthalpy = 27.042 + 10.967 x lO"^ kJ/kg mole gas 

at a gas rate of 1.88 kg mole/s (4.145 lb raol^s) , and an outlet temp-- 

erature of 541‘^K (514 ®F) , the energy flux out due to the gas is 21.236 MW 
(20JL32 Btu/s) . The energy content of the potassium carbonate and potassium 
sulfate in the outlet streams is 


Energy 


125 


kJ 

kg mole 


(541-222) 


32.71 


JcgKSO^ 

174 — — ^ 

kg mole 


kg V 

0.869 -K^O, 


6.522 MH 


Ei2?iiODi;::: op the 

1 P 0017 . 


kJ 


Energy K^SO^ = 139^^-^ 


(541-222) X X 0.131 = 1088 kW 


The energy flux due to the gasifier gas into the regenerator 
given by the equation, enthalpy = 27 T 7*2 x 10*"^ kJ/kg mole gas, is 
69.705 MW 

The energy flow of the potassium sulfate inlet stream is 
(350-222) . 3.332 »W 

For the reaction 


K^SO^ + + CO^ K^CO^ + H^S -I- 3 H 2 O 


the standard free energy of reaction is *-64r.611 MJ/kg mole potassium 
sulfate* The energy generated by the reaction is therefore 


-64*611 


MJ 


kg mole 


32.71 


174 


kgK^SO^ 
kgKgSO^ 
kg mole k^SO^ 


(0*869) = -10*553 mi 


For the water gas shift reaction 
CO + H^O CO^ + 


the standard free energy of reaction is -41.1 kJ/kg mole of carbon 
monoxide* The energy supplied by this reaction would be 


(-41.198 


MJ 


kg mole CO used 


iiS-22iS^){0.50) 


= 15.601 MW 
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For an ash composition as given in Table AA 9.1* 3.4 


Table AA 9.1.3.4 
Composition of the Ash 
Component ^jole Fraction 


SiO, 


AI2O3 


0.6788 

0.1268 


Fe^O^ 0.0871 


CaO 0.0921 

MgO 0.0151 


molecular weight = 71.65 


-3 ^2 


Enthalpy = 55.9 T + 37.3 x 10 T kJ/kg mole 


For a flow rate of 3.84 kg/s (8.466 Ib/s), the net energy 
requirement for the ash is 


55.9 (541-350) + [ 37.2 X 10 "^ (541^ - 350^) = 218 kW 


71 


.841 

.65j = 


A total energy balance around the regenerators and heat 
exchangers is given in Table AA 9.1. 3.5. 


Table 9. 1.3. 5 


Regenerator Energy 

Balance 


IN Gas 

69.705 


K 2 SO 4 

3.332 

+73.037 

-OUT Ash 

0.913 


K 2 SO 4 

1.088 


K 2 CO 3 

6.522 


Gas 

21.085 

-29.608 

-Reactions 

-26.154 

-26.154 

removed by heat exchanger 


69.583 


\ 
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The gas temperature going into the heat exchangers is 
determined by an energy balance around the regenerator. 


IN Gas 


K2SO 


4 


-Reactions 
TOTAL Enthalpy IN 


69.705 

3.332 

-26.154 

99.191 kw 


Regenerator must be maintained at around 1040“K (1412°F). The 
enthalpy of the regenerator gas at 1040® K (1412® F) is 76,574 JcW 
Therefore, 22.617 (21441 Btu/s) must be removed. This is accomplished 

by running the cold postscrubber gas through the outer jacket of the 
regenerator. The new temperature of the cooling gas is 760®K (908®F) 
for an inlet temperature of 332®K (137®F), and a composition as shown in 
Tabel AA 9. 1.3. 6, 

Table 9. 1.3* 6 


Regenerator Cooli.ng Gas 

Composition 

Component 

«2 

0.2167 

CO 

0.2927 

C02 

0.3921 

H20 

0.0128 

CH. 

4 

0.0856 


-3 2 

an enthalpy given by 0.84 T -i- 12.77 x 10 T kJ/kg mole gas, a gas flow 
rate of 1.32 kg/s (2.91 Ib/s), and a hot inlet temperature of 960®K 
(126 8 °F) . The mean temperature difference is then calculated as 

= (960-760) + (1040-332) ^ 4540^^ 

mean 2 
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From Perry (Reference 9,15) an overall heat transfer coefficient 
9 9 

of about 47,3 W/m (8.33 Btu/hr-ft -"ir) may be expected. The total 
area required is, therefore, 


A = 


U AT 


mean 


A = 


22617 

(1,47) (454) 


340 m 


2 

The total cooling area of the regenerators is 340 m , This 
is therefore a sufficient area to provide the required cooling. The 
warmed up post-Claus gas is then used to cool the regenerator outlet 
gases after expansion in the turbine. The total enthalpy to be 
exchanged is 


69.584 MW - 22.617 MW ^ 46,967 MW 


The hot gas inlet temperature is 1040 (1412®F) , and the cold 
gas [760®K (908°F)] is then sent to the turbine to be expanded. For an 
adiabatic expansion from 1,418 to 6,07 MPa (14 to 6 atm), the outlet 
temperature is 598°K (616 ®F) . This gas is then used to cool the hot gas 
outlet of the regenerator* It is desirable, to generate the steam needed 
for the gasifier at 478^ K (400 ^F) from this hot gas stream or the 
final cooling step. 

The energy required for this is 32,052 MJ/s (30^385 Btu/s), If 
the final hot gas temperature is 541®K (513°F) , this requires that the 
gas enter the stream generator at 854 ®K (1078®F) * The mean temperature 
difference in the steam generator is 

AT = (854 - 478) ^ (541 - 478) ^ 220»K 

mean 2 

From Perry (Reference 9.15), the expected overall heat transfer 
coefficient for a shell and tube exchanger is about 72.7 W/m^K 
(12.81 Btu/hr-ft^- F) . The required surface area would then be 
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A 


1 


U AT ^ 
mean 


A == 


29089 

(2*26) (220) 


= 585 


2 

Two 300 m stainless steel steam generators are used* Each is 
5 m (16*4 ft) long [4*78 m (15*68 ft) by 2.54 cm (1 in) id], with a shell 
diameter of 1.07 m (3.51 ft). They are rated at 2.026 MPa (20 atm) and 
1200°K (1700®F). Each weighs 13.182 Mg (14.42 ton) and costs $270,000. 

Finally, the size of the heat exchangers to reduce the hot gas 
temperature from 1040®K to 854°K (1412 to 1077° F) is calculated. The 
total enthalpy to be transferred is 


69.584 - 22.617 - 32.052 - 14.915 MW 


The cold gas leaves at a temperature of 899°K (1158°F). The 
log mean AT is 


at - (1040-899) - (854-598) 

^£n mean . 1040-89 9 v 

^ 854-598^ 


193°K 


The total area required is 


A = 


U AT 


itn mean 


A = 


14915 


(1.47) (193) 


= 527 m 


Two 275 m , stainless steel U-tube exchangers are used. Each 
Is 5 m (16.4 ft) long [4,89 m (16.04 ft) by 2.54 cm (1 in) idl. witli a 
shell diameter of 1.07 m (3.51 ft). They are rated at 2.026 MPa and 
1200°K (1700°F). Each weighs 15.115 Mg (16.661 ton) and costs $310,000. 


\ 

I 
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Sulfur Settling Tank . As recommended in Perry (Reference 9.15), 
a 600 s (10 m) holding time will be used. The tank will be horizontal 
with an impact plate. The tank is rated at 2.026 MPa (20 atm) 500°K 
(440 ®F) and will be stainless steel clad. The total required volume is 
35 (1236 ft^) with a diameter of 2 m (6.56 ft) and a length of 11. 1 m 

(36.42 ft). The cost of the vessel is $180,000 and the weight is 43.727 Mg 

(48.199 ton). The mass of water rejected with the sulfur is 10.05 kg/s 
(22.16 Ib/s) and the mass of sulfur is 9.05 kg/s (19.95 Ib/s). 

Sulfur Dioxide Burner . 3.04 kg/s (6.70 Ib/s) of the sulfur 
produced by the settling tank is injected into the sulfur dioxide burner. 
Here compressed oxygen is used to burn the sulfur to sulfur dioxide. 

The sulfur is fed to the burner from a lockhopper which is heated by the 
burner to achieve some degree of drying before injection. The high- 
pressure burner is a cam type. The size is approximately 1.52 m (4.98 ft) 

diameter and 2.13 m (6.99 ft) high. The air feed rate is 3.43 kg/s 

(7.56 Ib/s) at 1.722 MPa (17 atm) and 668®K (742°F) . The vessel is 
stainless steel clad and rated at 2.026 MPa (20 atm) and 1200®K (1700°F). 
The weight is approximately 5.909 Mg (6.51 ton) and costs $160,000. 

Sulfur Dioxide Burner Lockhopper. Holdup time is about 1.2 ks 

" ' 3 3 

(20 min). Two are required. The volume in each is 1.7 m (60.03 ft ). 

These vessels are 0.5 ra (19.68 in) in diameter and 2.16 m (7.09 ft) hi oh 

stainless steel clad, and rated at 400^K (260® F) and 2,026 MPa (20 atm). 
Bach weighs 3.865 Mg (4.268 ton) and costs $20,000. 

Oxygen Compressors . The air compressors must supply 3.04 kg/s 
of oxygen to the sulfur dioxide burner and 14.20 kg/s of oxygen to the 
coal gasifiers. Using the formula (from Reference 9.12) 

Pm,.r. kW . I 

where the efficiency, K, is taken as 50%, the P inlet is 103.4 kPa (15 psi) 
abs, is li.935 m^/s (25,285 scfm), X/K for oxygen is 0.881, the 

power is found to be 2172 kW. The outlet temperature is (Reference 9.15) 
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T ^ (X+1) = 300 (2.23) = 569 “K 

out in ' 

The cost of this compressor, which requires cast steel casings 
and is rated at 2044 kW, is $600,000* 

3 

Lock Gas Compressor * The lock gas requirements are 0.218 sm /s 

3 

(463 scfm) for the potassium sulfate locks, 0.0185 sm /s (39.2 scfm) for 

3 

the ->al locks, and 0.0015 sm /s (3.18 scfm)for the sulfur locks. The gas 
to be compressed is the heated fuel gas from 1.418 to 1-722 MPa (14 to 
17 atm). The power required is 33.8 kW. The outlet temperature is 
700®K (800°F). One is required. The cost is $110,000. 

Gas Turbine . The gas rate through the turbine is 36.3 kg/s 
(80 Ib/s). The gas is expanded from 1,418 to 0.608 MPa (14 to 6 atm). 

The power output is 595 kW, and the gas outlet temperature is 598°K 
(616 ®F). The cost is about $270,000. 

Electric Motor . This motor supplies the 1483 kW of power not 
supplied by the gas turbine. The cost of this unit is $100,000. 

Oxygen Plant . A total of 17.24 kg/s (381 Ib/s) of oxygen are 
needed. At an energy cost of 936 kj/kg (402.49 Btu/lb) of oxygen, the 
total power needed is 

Energy cost = (936) (17.24) - 16136 kW 

The cost of an oxygen plant (Reference 9.21), installed is given by the 
formula 


^ .^6 . X ,0.8215 

cost, $ = $17 X 10 (20 kg/s 0^^ 

where X is the plant capacity in kg/s. 

For a 17.24 kg/s plant, the cost is $15,030,000. 

Overall mass and energy balances are presented in Tables 
AA 9. 1.3. 7 and AA 9.1.3. 8, respectively. Table AA 9. 1.3.9 presents an 
energy balance on the gasifier. Table AA 9.1.3.10 breaks down the cost of 
the plant according to the price of equipment. Figure AA 9 .1.3.1 presents 
the layout for the seed regeneration plant. Figure AA 9.1. 3.2 is a detailed 
flow diagram for this process. Table AA 9.1.3.11 is the accompanying flow chart. 
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I Table AA 9.1.3.7 - Overall Mass Balance on Seed Regeneration System 

1 for Base Case Number 2 

j 


IN , kg/s 


1 

Coal 

21.72 


1 Water for Steam 

11.89 


1 

1 Air 

73.99 

1 

• j ‘‘2=“4 

32.71 

i 

j Ash 

3.84 

1 

1 Makeup Water 

8.6 

T 

’ Dryer Air 

3.91 

i* 

TOTAL IN 

156.66 


OUT, kg/s 


ir- 

■4 

MHD Gas 

35.2 


Evaporated & Blowdown Water 

8.6 

Of 

Sulfur and Water 

16.13 


1 Dryer Gases 

7.18 

1 

1 Ash Slurry 

2.09 

; 4 . 

1 Ash 

3.84 

i ■ 

!* ' 

1 ! r 

1 K 2 CO 3 + K 2 S 0 ^ 

26.82 

? ' 

i Rejected N^ 

58.75 


. 1 

1 . TOTAL OUT 

1 

156.61 



1 

I % Error =0.15/160.41 x 100% =0.032% 

I 



y-145 






yowniiiryHgi^«ftiw 


Table AA 9*1. 3,8 


Energy Balance on Seed Regeneration System for Base 
Case Number 2 


Energy Rate In 


Coal (21.72 kg/s, 25,036 kJ/kg) 


543,849 

kW 

K2S0^ (294‘’K basis) 


1,457 


Ash (294®K basis) 


234 


Power: Conveyer 

7.46 Hi 



Elevator 

11.19 



Ash Pump 

15.00 



Evaporator 

221.27 



Electrostatic Precipitator 

9.20 



Ifotor 

1483.00 



Dryer 

298.00 



0^ Plant 

16136.00 




18181.12 kW 



S 

50% eff. 

36^381 


TOTAL 


581,921 

kW 

Energy Rate Out 




Heating Value of MHD Gas (HHV=220,447 kJ/kg) 

282,174 

kW 

Enthalpy 


31.893 


Compression Energy (1407 kW at 50% 

effO 

2,817 




316.884 

kW 

NET ENERGY USAGE 


265,037 

kW 

NET COAL USAGE 


10.5 

kW 
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Table AA 9. 1.3. 9 


Energy Balance on Gasifier for Base Case Number 2 


IN .IcVO 

Steam {enthalpy and compression) 

32,052 

0^ (enthalpy and compression) 

9,234 

Coal (HHV) 

543,849 

TOTAL IN 

585,136 kW 

OUT (kW) 

Enthalpy 

69,705 

HV 

477,589 

Compressor 

4,161 

TOTAL OUT 

551,455 kW 

EFFICIENCY OF GASIFIER 

94.2% 
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Table AA 9.1.3*10 


Installed Costs for Seed Regeneration Equipment 
for Base Case Number 2 


Item 


Number Cost Each Total Cost 


K^SO^ Surge Bin 
K^SO^ Locks 
Coal Bin 

Coal Reclaimer Conveyer 
Coal Crusher Surge Bin 
Coal Crusher/Dryer 
Coal Surge Bins 
Predried Coal Elevator 
Sized Coal Feed Locks 
Sized Coal Feed Hoppers 
Coal Preheater 
Volatili zers 
Gasifiers 
Ash Quench Pots 
Ash Slurry Locks 
Ash Slurry Pumps 
Regenerators 
Ash Cyclones 

^ 2 ^ 0 ^ Electrostatic Precipitators 

Ash Lockhoppers 

K2C0^ Lockhoppers 

Claus Reactor 

S crubber/ Demis ter 

Cooling Tower 

Steam Generators 

Heat Exchangers 


3 

$ 120,000 

$ 360,000 

3 

80,000 

240,000 

1 

50,000 

50,000 

1 

100,000 

100,000 

1 

90,000 

90,000 

1 

1,280,000 

1,280,000 

2 

210,000 

420,000 

1 

70,000 

70,000 

2 

60 ,000 

120,000 

2 

60,000 

120,000 

1 

80,000 

80,000 

2 

680,000 

1,360,000 

2 

520,000 

1,040,000 

2 

60,000 

120,000 

2 

60,000 

120,000 

2 

10,000 

20,000 

2 

1,490,000 

2,980,000 

1 

240,000 

240,000 

1 

1,040,000 

1,040,000 

2 

160,000 

320,000 

2 

420,000 

840,000 

1 

210,000 

210,000 

1 

490,000 

490,000 

1 

140,000 

140,000 

2 

270,000 

540,000 

2 

310,000 

620,000 


(continued) 
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Table 9.1,3.10 (Continued) 


Installed Costs for Seed Regeneration 
Equipinent for Base Case Number 2 


Item 

Number 

Cost Each 

Total Cost 

Settling Tanks 

1 

$ 180,000 

$ 180,000 

SO 2 Burner 

1 

160,000 

lf'0,000 

SO 2 Lockhopper 

2 

20,000 

40,000 

O 2 Compressor 

1 

600,000 

600 ,000 

Lock Gas Compressor 

1 

110,000 

110 ,000 

Gas Turbine 

1 

270,000 

270 ,000 

Electric Motor 

1 

90,000 

90,000 

Oxygen Plant 

1 

15,050,000 

15,050,000 


TOTAT. 


$29,510,000 


257CJJO 


Row Name 
Flow Number 
Mass Rate» kg/s 
Temperature, ®K 
Pressure, kPa 
Power, kW 
N^* Mole Fraction 

CO 

CO^ 

¥ 

HjS 

CH, 

5°2 

S. Wi 

K2S04 

K 3 C 03 

A$h 


Flow Name 
Flow Numbor 
Mass Rale, kg/s 
Temperature, ®K 
Pressure, kPa 
Power, kW 
N 2 . Mole Fraction 

Hj 

CO 
C 02 
H^O 
HgS 
CH 4 

SOg 

"2 

S, kg/s 

¥“4 

K3CO3 

Aih 


TA 8 l£ AA 9. 1. i 11 -SEED RECEHERATION FLOtV CHART FOR BASE CASE 2 


Coal 

1 

21.72 

300 

101 

POWB 

2 

7.46 

r Coa 
3 

21.72 

300 

101 

Power 

4 

293 

Air 

5 

3.91 

300 

101 

.79 

Ekhaust 

6 

7.18 

370 

101 

,7066 

Dry Coa 
7 

19.54 

370 

lOI 

Power 

8 

11.19 

Hot C<u 
9 

19.54 

1000 

1520 

1 Power 
10 

15 

Ash 

U 

2.09 

1144 

1520 





D 

0 










0 

0 










0 

.1632 










0 

.1048 










0 

0 










0 

0 










0 

u 










.21 

.0254 





2.09 1 

Fuel Gas 
16 
1.1 
899 
607 

Ash 

17 

S.05 

541 

1418 

Seed + 
Gas 
18 
72.00 
541 
1458 

Coal Gas 
19 
80.05 
541 
1469 

Med. 

Gas 

20 

80.05 

854 

1«4 

Hot Gas 
21 

80.05 

1040 

1499 

?asi-So!id 

22 

80.05 

960 

1520 

Ash -f- 
K 2 SO 4 

23 

36.55 

350 

101 

Power 

24 

t 

Make*up 

25 

8.6 

300 

101 

Evap. 

Wafer 

26 

8.6 

373 

101 

0 

.2167 

.2927 

.3921 

.0128 

0 

.0356 


0 

.1522 
.2055 
.2753 * 
.2078 
,0990 
0601 

0 

.1522 
.2055 , 

.2753 . 

.2078 . 

.0990 . 

.0601 . 

0 

.1522 

.2055 

.2753 

.2078 

.0990 

0601 

0 

.1522 

.2055 

.2753 

.2078 

.0990 

.0601 

0 

.2788 

.3764 

.1464 

.1324 

.Oil 

.0551 


221 

0 

0 

0 

0 

1.0 

0 

n 

0 

0 

0 

0 

I.O 

0 


Syn. Gas 

02 

steam 

12 

13 

14 

43.5 

14.21 

1 11.89 

1244 

669 

478 

152) 

1722 

1722 

0 

0 

0 

.2788 

0 

0 

.3764 

0 

0 

.1464 

0 

0 

.1324 

0 

I.O 

,011 

0 

0 

.0551 

0 

0 

0 

0 

0 

0 

1.0 

0 

H 2 O+S 

Cool 

H^O 

HotHzO 

27 

23 

29 

16.13 

60.2 

60.2 

420 

332 

420 

1413 

1722 

1722 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

I.O 

1.0 

2.0 

0 

“ 1 

0 


lock Gas 
15 
0 

602 

1722 

0 

,2107 

.2927 

.3921 

.0128 

0 

.08S6 

0 

0 


O 2 

30 

3.04 

669 

1722 

0 

0 

0 

0 

0 

0 
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lock 


CokJ 





lock 

lock 


MHO 



Stream Name 


s 

Gas 

S+H50 

Gas 

S4<Gas 

Gas 

Seed 

Power 

Gas 

Gas 

Gas 

Gas 

Water 

Warm Gas 

Stream Number 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

Mass Rate, i(g/s 

6*08 

3.04 

0 

79.37 

36.3 

55.47 

49.39 

22.61 


0 

0 

0 

35.2 

11.89 

36.3 

Temperature, <>k 

541 

420 

802 

420 

332 

541 

541 

541 


802 

802 

760 i 

899 

300 

760 

Pressure, kPa 

1722 

1418 

1722 

1418 

1428 

1433 

1444 

1418 


1722 

1722 

607 

607 

101 

1418 

Power, kW 
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N 2 , Mote FracUan 

0 


0 

0 

0 

0 

0 



0 

0 

0 

0 

0 

0 

H, 

0 


.2167 

0 

.2167 

.1522 

.1522 



.2167 

.2167 

2167 

.2167 

0 

.2167 

CO 

0 


.2927 

0 

.2927 

.2055 

.2055 



.2927 

.2927 

.2927 

.2927 

0 

.2927 

C °2 

0 


.3921 

0 

.3921 

.2753 

.2753 



.3921 

.3921 

.3921 

.3921 

0 

.3921 

HjO 

0 

. ! 

.0128 

1.0 

.0128 

.3068 

.2078 



.0123 

.0123 

.0128 

.0128 

1.0 

.0128 

HjS 

0 


0 

0 

0 

0 

.0990 



0 

0 

0 

0 

0 

0 

CH, 

0 


.0856 

0 

.0356 

,0601 

.0601 



.0856 

.0856 

.0356 

.0856 

0 

.0856 

S(^ 

1.0 


0 

0 

0 

0 

0 



0 

0 

0 

0 

0 

0 

°2 

0 


0 

0 

0 

0 

0 



0 

0 

0 

0 

0 

0 

S, kg/s 


3.04 


9.05 


9.05 


0 








KjSO, 


0 


0 


0 


3.61 








K 3 CO 3 


0 


0 


0 


19.0 








Ash 


0 


0 


0 


0 









Stream Name 

Expanded 

Gas 


*^2 

Pwer 

Air 


Pewer 

Hot Gas 

Stream Number 

46 

47 

48 

49 

50 


52 

53 

Mass Rale, kg/s 

36.3 

17.24 

17.24 


73.99 

56.75 


36.3 

Temperature. °K 

598 

669 

300 


300 

300 


899 

Pressure, kPa 

607 

1722 

Ifll 


101 

101 


607 

Power, kW 
N 2 . Mote Fraction 

0 

0 

0 

1483 

.79 

1.0 

16136 

0 

«2 

.2167 

0 

0 


0 

0 


.2167 

CO 

.2927 

0 

0 


0 

0 


.2927 

COj 

.3921 

0 

0 


0 

0 


.3921 

¥ 

.0128 

0 

0 


0 

0 


.0123 

HjS 

0 

0 

0 


0 

0 


0 

CK, 

.0856 

0 

0 


0 

0 


.0856 

SO, 

0 

0 

0 


0 

0 


0 


0 

1.0 

1.0 


.21 

0 


0 

S.ltg/s 









¥°3 

Ash 
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Figure AA 9.1.3.1 - Legend for layout diagram and flow sheet 

Addendum 

A Coal Bin Receiver 
B Coal Reclaimer Elevator 
C Coal Crusher Surge Bin 
D Coal Crusher/Dryer 
E Coal Surge Bins 
F Predried Coal Elevator 
G Coal Preheater 
H Sized Coal Feed Lockhopper 
I Voiatilizers 
J Gasifiers 

K K2S0^ Surge Bins/Lockhoppers 
L Regenerators 

M Heat Exchangers /Steam Generators 
N Ash Lockhoppers 
0 Ash Cyclone 

P Precipitator 

Q 

R Settling Tank 
S Claus Re ^tor 
T SO 2 Burner 
U Scrubber/Demister 
V Cooling Tower 

W O 2 Plant/Turbine^-Compressor-Motor Complex 
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Subappendix AA 9«1.4 
LEACHING SYSTEM 


The amount of water to be added to the ash and potassium 
carbonate and potassium sulfate flow is determined by the amount of 
potassium sulfate in the system for conversions, (less than 0.75), 
and by the amount of potassium carbonate in the system for conversions 
(greater than 0.75). This is demonstrated by equating Equations 
AA 9. 1.4,1 and AA 9. 1.4. 2 in Equation AA 9. 1.4. 3. 


kgH,0 

^ — Y ^ 

s ash , 14 14 


(— )i 

'‘94 


174 (1-Y^) 


0.24 


kgKaSO^ 




a-Y,) 


(AA 9. 1.4,1) 


or 


Y^ 

(AA 9. 1.4.2) 

where the crossover point between the above two equations is determined 
by the equation 


_ s (^) 

“7^ " \sh,14 ^14 '■ 94‘' 


0.138 Y^ j 
0.567 

kgH20 J 


1-55 S,, Y^ = 4.63 S,, (1-Y^) 


(AA 9. 1.4. 3) 


or 

first equation when Y^ _< 0.75 
second equation when Y^ > 0.75* 

Tile temperature of the water - potassium sulfate-potassium carbonate 
solution ^oing into the flash drum is now determined. 


9--155 


139 kJ/kg«OU KjSOj Sj^)(5^)(l-Yp(541-T) + 


125 kJ/kgmole K,CO_ (X, 


2''“3 ''‘ash, 14 “14'' 94 


Si,.)(%t)(541-T) Y, 


+ 55.92 kJ/kgmole Ash I 


138 Y 


■ “..h,14 "l4> 


'l3 

_“o 


i567 


(541-T) 


(£2L§.) 

^ w 


(since most conversions are greater than 0.75). 
Solving for T, one obtains 

Y 


T == 541 


^ 73.3 + 
.97.5 + 




“K 


At a flash drum pressure of 101.3 kPa (1 atm), the temperature 
is 373® K (212°F) and the enthalpy for evaporation of water is 2260 kj/kg 
(972 Btu/lb). The amount of steam evaporated is now determined. 


1.55 14 (T-373) = (steam produced) (540) 

Solving for the steam produced (and substituting for T) one obtains 

Steam produced = 1.55 Y X . S,, \ 

c ash, 14 14|^^y-j— ^ -0.689 

Assuming that the steam is supplied to the system at a 
pressure of 1722 kPa and is saturated, the energy released on condensation 
is 2377 kJ/kg (1022 Btu/lb) . The amount of steam needed is then 

540 (1.55 Y^-steam produced) /568 


or 


0.872 S., Y 

ash, 14 14 c 


1 - 0.592 


73.3 - Y 

f 

^7.5 - Y ^ 
c 


kg/s 
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cooling wntnr In nvnllnblo at 332"K. and that a 20»K 
one is allowed be£ot. It la tetnmed. tha a.ount of cooling water needed 
to condenae Che steam ptodnood ».d the evaporate from the evaporator is. 

1-55 V, ^ 5«0 

'' 20 


or 


X^sh.14 ^14 


using Guthrie (Reference 9.12), the power rating of the pump 
and its cost was determined. The pump power required is: 


^•58 \ X^sh,14 "l4 

and the cost, for a stainless steel in-line pump capable of producing a 
head of 2026 kPa (20 atm) is: 




The site and cost of a scrapped film evaporator la obtained 
next. The mean temperature difference is: 


AT 


mean 


(478-373) + (478-373) ^ 3^05 oj. 

— O 


Heat transfer coefficients are around 0.407 kJ/s-m^ (0.0833 


Btu/s-ft^-°f) • evaporator is, therefore. 

A = 

73.3-Y 


water to be evaporated x 540 
= 007 x105 


1.69 - 


97.5-Y, 


\ ^ash.l4 ^14 " 


From Guthrie, the cost is found to be; 

^ I 73.3-Y^ 

$44,774 I Y^ " 97.5-Y^ 


0.55 
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The Bize and cost of a shell and tube condenser is now found. 
The log mean temperature difference is 

= (373-352) - (373-332) ^ 3qcj^ 

log mean [(373-352) 

[(373-332) 

For this typs of service, heet transfer coefficients of 
0.85 W/m-^K (0.152 Btu/hr-f t-^F) are obtained (Reference 9.15). The 
required area is therefore 


_ (Steam to be condensed) (540) 
(30°K) (0.203) 


From Guthrie, the cost is determined to be 
$17,400 (V^ $„)“■“ 

The mixing tank is assumed to be a cylindrical vessel with a 
volume of 1 m^, (35.31 f t^) , containing baffles to aid in settling the 
ash from the solution. The vessel is rated at 600°K and 2026 kPa (20 atm) 
and costs $58,666. Clad stainless steel is used. The flash drum is 
assumed to be the same size as the mixing tank. However, it is only rated 
at 400'’K (IGl^F) and 101 IcPa (1 atm). It is also stainless steel clad. 

The cost is estimated to be $40,495. 

Figure AA 9. 1-4.1 presents a flow sheet of the ash leach 
system and Table AA 9. 1-4.1 presents a flow chart of the ash leach 
system. 

Legend for Ash Leach System 

A Settling Tank 

B Pump 

C Flash Drum 


Evaporator (Scrapped Film) 
Condenser 
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TABLE M 9. 1.4.1 
LEACHIHG SYSTEM 


Stream Uatne 

Feed In 

No Ash 

Water 

Flash 

Bottoms 

Power 

Sat. II 2 O 

Distillate 

Steam 

Condensate 

Seed 

Cooling H 2 O 

Hoc H 2 O 

Ash 

Power 

Stream 0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Maas Rate (kg/a) 

A 

C 

C-B 

£ 

C-E 

- 

C-B 

C-B-E 

G 

G 

B 

H 

H 

A-B 

- 

Temperature (°K) 

541 

D 

373 

373 

373 

- 

373 

373 

478 

373 

373 

332 

352 

D 


Pressure (kPa) 

1416 

1418 

1520 

101 

101 

- 

101 

lOi 

1722 

101 

101 

101 

101 

1418 


Power (kW) 

- 

- 

- 

- 

- 

F 

- 

- 

- 

- 

— 

— 



2 

M (Kg/s) 

0 

C-B 

C-B 

E 

C-B-E 

- 

C-B 

C-B-E 

G 

G 

0 

H 

H 

0 


K 2 S 0 ^+K 2 C 02 (kg/s) 
Ash Ckg/s) 

E 

X 

B 

0 

0 

0 

0 

0 

B 

0 

- 

0 

0 

0 

0 

0 

0 

0 

0 

B 

0 

0 

0 

0 

0 

0 

A-B 

- 


^*ash,14®14^ 


X « Hass race ash (kg/s) 
f - Fractloaal conversion, ^2^0^ ^ K2C0^ (Yc) 


A! X(1 + f(Q.6) (-ill) + (l-£) (0.6) (^) - X (2.11-0.23f) 


94' ■ '* ' 94 

B; X(l.ll-0.23f) 

C! X(1.U + 1.23E) 

D! 541 <73.3 - f) / (97.5 - f) 

E; X£ t (73.3 - f) / (97.5 + Yc) -0.689] 

F: 4.58 X f 

G: 0.872 x £ U - 0.592 (73.3 - £)/(97.5 - £)] 
H: 41.9 X f 


if' 
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MODIFICATIONS TO SUBAPPENDIX AA 9.1.2 
FOR BASE CASE 1 

In Base Case 1, the coal is not burned directly in the combustor. 
Rather, it is first heated to remove most of the volatiles and to produce 
a char which is then burned in the combustor. This char is considered to 
retain all the ash and sulfur present initially in the coal. Therefore, 
in Subappendix AA 9.1.2 must be modified to exclude the volatile mate- 
rials removed. 

First, the initial coal rate is determined from the power output 
beat rate (kJ/kWh) , and higher heating value of the coal (kJ/kg) as 
follows : 


(power output) (1000) (heat rate) _ kg coal 
(hhv) (3600) s 


as : 


Given the ash-free char rate, the new value for -s obtained 


= |char rate + |% ash in coal 


A new ash fraction is now determined as: 

[ % ash in coal I 1 100 


X , / = 
ash, I 


kg coal 
s 

\ 




|char rate + bg |% ash in coal 


and a new sulfur fraction, X / , is determined as: 

s 
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sulfur in coalj |lOoj 
I Char rate + — S . ash in coalj 


With these modifications, the material balance equations derived 
in Subappendix AA 9.1.2 may now* be used. 



! Subappendix AA 9.1/ 6 

SCALING FACTOR FOR PRO^.ES j VESSELS 

i To determine the scaling factor to use to scale the process 

vessels for different flow rates, the following procedure was used. 

Various diameter /height ratios were used to determine, as a function 
of volume, the base cost of process vessels. Table AA 9. 1.6.1 presents 
the various calculations and Figure AA 9. 1.6.1 presents the graph oi. the 
Log^Q Cost versus Log^^^ Volume. 

The scaling factor arrived at was 0.666. The data was obtained 
from Guthrie (Reference 9 . 12) . This scaling factor can be used for those 
parts of the system which are all pressure vessels or nearly so, and 
whose size would be proportional to the volume handled. Those vessels 
which handle the process gas and/or are part of the gasification system 
will have a size proportional to the amount of sulfur removed (or Che 
flow rate of potassium sulfate into the regeneration system times the 
percent regeneration). Those vessels handling either ash or potassium 
sulfate or both will have sizes proportional to the flow rate of 
potassium sulfate and/or ash into the regeneration system. Table 
AA 9. 1.6. 2 presents a list of equipment along with the factors assumed 
to affect their size. 

The total cost of pressure vessel and gasifier equipment 
affected by the fractional conversion and the potassium sulfate rate xs 
$9 million. Other equipment items affected by the potassium sulfate rate 
and the fractional conversion Include turbine-compressors (scaling factor 
0.59) ?870,000, motors and mechanical equipment (scaling factor 1) 
$1,500,000, steam generators and heat exchangers (scaling factor 0.71) 
$1,160,000, and Che oxygen plant (scaling factor 0.8215) $15,050,000. 
Pressure vessel and compressor costs affected by the potassium sulfate 
i and ash rate are $600,000 and $110,000 respectively. Pressure vessel 
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Table AA 

Volume Versus Cost 
Sized Vessels 

for Variously 

Diameter, ft 

Height , ft 

Log Volume 

Log Cost 

2 

4 

0.602 

2.88 

3 

8 

2.25 

3.30 

4 

16 

2.30 

3.65 

5 

16 

2.50 

3.78 

6 

16 

2. 66 

3.83 

7 

16 

2.80 

3.90 

8 

20 

3.00 

4.15 

9 

20 

3.10 

4.18 

' 10 

20 

3.20 

4.20 

2 

6 

1.28 

3.02 

3 

10 

1.85 

3.40 

4 

10 

2.10 

3.54 

5 

12 

2.37 

3.65 

6 

12 

2.53 

3.74 

7 

12 

2.66 

3.78 

8 

30 

3.18 

4.24 

9 

30 

3.28 

4.28 

10 

30 

3.37 

4.30 


Table AA 9.1 ,6. 2 - Equipment List 


Item 


K^SO^ Surge Bin 
K^SO^ Locks 
Coal Bin 

Coal Reclaimer Con. 

Coal Crusher Surge Bin 

Coal Crusher/Dryer 

Coal Surge Bins 

Predried Coal Elevator 

Sized Coal Feed Locks 

Sized Coal Feed Hoppers 

Coal Preheater 

Volattlizers 

Gasifiers 

Ash Quench Pots 

Ash Slurry Locks 

Ash Slurry Pumps 

Regenerators 

Ash Cyclones 

K 2 C 0 ^ Electrostatic Precipitator 

Ash Lock hoppers 

K^CO^ Lock hoppers 

Claus Reactor 

Scrubber/Demister 

Cooling Tower 

Heat Exchanger 

Settling Tank 

SO^ Burner 


Fractional 

Ash Rate 

K2S0^ Rate 

no 

yes 

yes 

no 

yes 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

no 

yes 

no 

no 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 

yes 

no 

yes 
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(con’ t) 


Table AA 9. 1.6. 2 (continued) 


Item 

i 

Fractional ♦ 

Ash Rate 

K^SO^ Rate 

SO^ Burner Lockhopper 

T 

yes 

no 

yes j 

Air Compressors 

yes 

no 

yes j 

Lock Gas Compressors 

no 

yes 

yes 

Gas Turbine 

1 yes 

1 

no 

yes 

Electric Motor 

yes { 

no 

yes ! 

©2 Plant 

yes 

no 

yes 

1 

Steam Generator 

■ yes 

no 

j yes 

i 1 
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BliPRODUCffinJTy OF TEiE 
ORIGINAL PAGE IS POOR 


costs affected only by the ash rate total $320,000 and those affected 
only by the potassium sulfate rate total $840,000. All scaling factors 
were detenoined from Reference 12* 

For this case, the potaEsium sulfate rate was 32.71 kg/s, 
(72.0 Ib/s), the regeneration rate 0.869, and the ash rate 3.84 kg/s 
(8.45 Ib/s). These factors can then be written as: 

Cost of Pressure Vessel, Potassium _ 966,509 [ (K«S0 J (F ) 

Sulfate and Fractional Conversion, $ /i ^ k 

0,59 

Cost of Turbine-compressors, $ = 120,735 [ (K^SO^) (F^^) ] 

Cost of Motors and Mechanical, $ = 54,881 [ (K2S0^) (F^) ] 


Cost of Steam Generators 107^729 [ (K^SO, ) (F,.) ] 
and Heat Exchangers, $ Z 4 k 


0.71 


Cost of Oxygen Plant, $ = 962,000 [ (K2S0^) (F^^) ] 


0.82 


Cost of Pressure Vessels, Ash _ ^g2 [ (K SO, ) + Ash] 

and Potassium Sulfate Rate, $ * 2 4 


0 . 6fi6 


Cost of Compressors, $ - 13,161 [(K2S0^) 4- Ash] 


0.59 


Cost of Pressure Vessels, Ash Rate, $ = 130,507 (Ash) 


0 . 666 


Cost of Pressure Vessels, 
Potassium Sulfate, $ 


= 82,147 (K2S0^) 


0,666 


The cost of adding a leaching system is: 




where F„ is the fractional conversion and Ash is the ash flow rate. 

K 

utilities usage is directly proportional to the fractional con' 
version times the potassium sulfate flow rate. For a coal rate of 
21.72 kg/s (47.8 Ib/s), a water makeup rate of 18.13 kg/s (42.1 Ib/s), 
and a power of 17,405 kW, the utilities factors are; 

0.612 (Fj^)(K.2S0^) 

0 . 673 (F^)(K 2 S 0 ^) kg/s of water 
0 . 764 (Fj^)(K 2 SO^) kg/s of coal 

The coal rate must be multiplied by the factors 0.925 for 
Montana coal and 1.03 for North Dakota coal. These factors were deter- 
mined from data presented by Hamm (Reference 9.14). The addition of a 
leaching system requires the following utilities to be added: 

Steam Required, kg/s = 0.872(Fj^) (Ash) 1 - 0.592 
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/ 


Power Required for Leaching System, kW = 2 + 4. 58 (Fj^) (Ash) 

Water Required, kg/s = 41*9 (F^) (Ash) 

Return utilities include MHD gas, sulfur and water slurry, ash, 
and potassium sulfate and potassium carbonate: 

o Vm gas at 899®K (1159® F) and 608 kPa (6 atm) with a 
net energy flow rate: 

MHD gas, kW = 11,147 (Fj,)(K2SO^) 

o Sulfur and water flow rate at 541“K (514®F) and 
101 kPa (1 atm) : 

Sulfur, kg/s - 0.212 (F^) (K^SO^) 

Water, kg/s - 0.418 (F^) (K^SO^) 

e Ash at 541®K (514®F) , potassium sulfate, and potassium 
carbonate flow rates to the first stage of the combus- 
tor: 

Ash, kg/s « Ash (2. 11 - 0.229 F^) 

9 Potassium sulfate and potassium carbonate at 541® K 
(514®F) to the second stage of the combustor: 

Seed, kg/s = (K^SO^Xl - 0.207 F^^) - 1-11 Ash 



9 - 1/0 


1 


For Montana and North Dakota coals, the MHD gas energy rate 
must be multiplied by 0.6 and 0.413, respectively (determined from data 
presented by Hamm, Reference 9.14). If a leaching system is added, Che 
return utilities include: 

Q Ash at 400°K (261°F) (to disposal). 

o Potassium sulfate and potassium carbonate at 541‘’K 
(514°F) to second stage of the combustor, kg/s = 

(1 - 0.207 F^)(K2S0^) , 

0 Cooling water at 353“K (176“F), kg/s = 

41.9 (Fj^) (Ash) 

e Condensed steam at 400®K (261“F) and 1722 kPa 
(17 atm), kg/s = 


0.872(F„)(Ash) 


1 - 0.592 
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Subappendix AA 9.1.7 


CALCULATION OF THE MINIMUM EFFICIENCY REQUIRED 
FOR THE ELECTROSTATIC PRECIPITATOR IN BASE CASE 3 

The amount of particulate emissions allowed up the stack under 
current Federal regulations is 0.043 kg/GJ (0.1 lb/10^ Btu) (Reference 
9.14). Therefore, the total particulate allowed up the stack is: 

Stack Particulate, kg/s = 

(1000) (power output, MW) (heat rate, kJ /kWh) (0.043 

3600 s /hr 

In Base Case 3, the only solids in the MHD duct are the pollu-- 
cite (Cs A1 Si20^) used to make the MHD gases conductive. Given the seed 
rate (in terms of cesium carbonate) , then the amount of pollucite in the 
gas stream (in a carbonated form) is: 


Pollucite Stack, kg/s = (668) 

The fraction of particulates allowed up the stack is, therefore; 


(1000) (power output, Ml‘J) (heat rate, kJ/kWh) ( ^"-p ‘ Y - “^ ) 

Y — — - — ■ . . 

^ (3600 s/hr)('|||‘ seed rate, kg/s) 

(1 - Y^) is, therefore, the required electrostatic precipitator oFficiency. 
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POWER COMPARISON BETWEEN A PRECIPITATOR-LEACH SYSTEM AND 
A CYCLONE-PRECIPITATOR SYSTEM 


Precipitator-Leach System 


First, the kilograms of water needed to dissolve the seed 

[rate = 32.71 kg/s K 2 S 0 ^ (71.96 Ib/s), ash rate = 3.S<- kg/s (8.45 Ib/s) 

Y = 0.89, temperature = 541“K (514“F)]. 
c 


Water to dissolve potassium carbonate 


32 71 
(0.89) (^) 


138 


0.567 


kg.K2S0^ 

Re H2° 


kg H,0 
40.7 — r — 


j ■ 
j 


Water to dissolve potassium sulfate 


( 0 . 11 ) 



32.71 

kg 

kg H 2 O 



kg H O 

15.00 


The water to dissolve the potassium carbonate is the controlling factor 
The temperature of the seed^-water solution is 


(33.1) (0.11) (%|i) (541 - T) + 29.9 (0.89) (%|^) (541 - T) 

+ 13.36 (|j^) (541 - T) = (T - 373) 40.7 y 

or 

T = 396“K 

The steam produced is 

(? 7 ^> ‘ ^ 


9-173 


The steam needed is then 


(40.7 - 1.73) = 37.05 kg/s 

With the steam enthalpy at 2378 kJ/kg (1022.4 Btu/lb) , and with the base 
case coal having a heating value of 25036 kJ/kg (10766 Btu/lb) . the extra 
kilograms of coal needed is 


. 37.05) (568) ' 
'■ 5981 ^ 


3.51B 

s 


The power for the pumps is determined on the basis of 40.7 kg 
(89.54 lb) of water per second, at 60 % efficiency, with a head of 1773 kPa 
(17.5 atm). The power requirement is then about 990 kW. 


Cyclone-Precipitator System 


For a cyclone, the only power loss is due to the pre 
(11.1 kPa) (0.11 atm), for a flow of 5.75 m^ (203 ft^) ((i.469 

and 541“K (514°F)J, and a compressor efficiency of 50%. This 
about 190 kW. 


ssurt* drop 
MPa (U.5 atm) 
power l(»ss is 


r 


Appendix A 9*2 

OPEN-CYCLE MHD PRIMARY HEAT EXCHANGER SIZE AND WEIGHT ESTIMATES 
A 9.2,1 Introduction 

The heat recovery exchangers for the open-cycle MHD systems are 
necessarily intimately connected with the plant physical structure and 
present interesting challenges to the designer. In general, firing to 
the highest possible temperature and recovering heat from the MHD duct 
exhaust represent the most efficient cycle options. 

In this study, duct exhaust temperatures of 2300®K (3680®F) 
are typical, with perhaps 10 to 20% slag carry-over. Potassium or 
cesium seed material is also present. Even though much of the slag and 
ail of the seed is in the vapor state at these co*'‘^I i tions, it must be 
recognized that vaporous slag and seed will diffuse through any refractory 
towards cooler temperatures and may cause bursting by solidification, 
slump by viscous pnase formation, and erosion by formation of volatile 
or liquid species. 

Immediately, the designer turns to review existing technology 
in industrial furnaces and high- temperature heat exchange. Smelting, glass 
and refractory manufacture, and blast furnace stoves represent the analo- 
gous industrial processes and equipment. Conditions comparable to the 
worst slag conditions are found in smelting, but the existing solutions 
generally involve extensive down times and reconstruction. Comparable 
temperatures are found in glass and refractory manufacture with accept- 
able equipment life, but this is a clean fuel technology relying on high- 
cost fuels. Although blast fur..ace stoves approximate conditions in ^^lD 
heat recovery, typical operations are at lower temperatures, 1800 tC 
(2780®F). In addition, the steel industry sustains considerable annual 
loss in sensible heat of blast furnace fuel gas, in pumping costs, an i in 
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maintaining equipment to wet-alkaline scrub the blast furnace and coke-oven 
gas before combustion takes place in the stove. Wet scrubbing eliminates sulfur, 
alkali, and dust to a concentration (Reference 9.22) of between 0.46 and 
0.046 g/m^ (0.2 and 0.02 gr/ft^). With a dust loading of 0.46 g/m 
(0.2 gr/ft^), approximately 11.43 cm (4.5 in) square flues are required 
(Reference 9.23); and with 0.046 g/m^ (0.02 gr/ft ), 5.1 cm (2.0 in) 
square flues may be used. The cost per unit volume of a regenerator is much 
iess for the smaller flue sizes. 

The argument may be made that the slag which condenses and ad- 
heres in the checkers at lower temperature levels may be purged by 
proper thermal cycling, but this requires very high-temperature duty brick 
throughout the stove, with resultant high initial cost^ and provides no 
guarantee that the refractory insulating brick will withstand alkali 
erosion and burst problems. Clearly, the heat recovery exchangers require 
innovative design. The recovery heat exchanger, secondary combustion 
system, and seed quench systems might be combined with the diffuser and 
exhaust duct in a synergistic configuration, affording a degree of 
protection to the basic structure and achieving maximum efficiency. For 
example, no known diffuser material can survive in equilibrium with the 
high-temperature, high-velocity , alkali-slag environment. By use of low- 
temperature combustion air coolant and a ceramic-coated flange tube wall, 
a surface is provided that will achieve erosion-deposition equilibrium 
with the flow. The thickness of the ceramic-slag coating is determined by 
thermal impedance ratio and slag solidification temperature. 


A 9. 2. 1.1 Recovery Heat Exchanger 

Combustion products proceed from the diffuser to the exhaust 
ducting. In this duct secondary combustion air and seed quench air may 
be injected. The seed and slag undergo phase change from vapor to solid 
before the seed Is extracted. Considering the problems associated with 
.lag and .ilkalt. ll.r IkmI txcli.mg.T structure must hr pi .*1 or t r.l Horn the 
corrosive exhaust products. A radiant heat exchanger Is used to exchange 
heat through a slag and alkali free protective boundary layer formed by 
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secondary combustion air injection or combustion product recirculation- 
Air is preheated In the radiant exchanger to 1 590‘^K (2402°K), using 
ceramic tubes above i370®K (2006®F) gas temperature and various metals 
below- This choice of temperature is somewhat arbitrary “ a high 
metal temperature being chosen as the less uncertain art and pushed to 
the material limit. 

Flanged tube walls are used as in the diffuser. These have 
several advantages* Tube supports and pressure tubes are protected from 
corrosion by a low-stress, sacrificial material that may be patched by 
welding. Slots for blowing are formed naturally by exchanger fabrication, 
and the tube wall blowing system protects the exhaust duct wall structure- 

Several material candidates are available for the ceramic tubes, 

depending on the envitonmental conditions. Silicon carbide, silicon 

A 

carbide-coated graphite, and alumina are considered. It is well known 
(Reference 9.24) that silicon carbide and alkali metals form high vapor 
pressure compounds at elevated temperatures. The selection of silicon 
carbide for exposed surface, high- temperature tubes assumes that the 
blown boundary protection system is very effective. 

Note that for Base Case 3 the preheating of fuel gas containing 
hydrogen to 1700°K (2600®F) is marginal (Reference 9.27) for hydrogen 
attack on silicon carbide. At 2028“K (3190°F) silicon carbide will surely 
fall in service. Base Case 3 Points 4 and 5 are computed for cycle infor- 
mation only and are not presented as a viable design. 

A 9.2. 1.2 Separately Fired Air Heater ( SFAH ) 

Some of the open-cycle MHD configurations require a separately 

fired air heater to deliver combustion air in excess of 1590®K (2402®F). 

In this application, individually fired regenerators of the blast furnace 

stove type are recommended. The fuel is low- to medium-Btu coal gas with 
3 3 

about 0.57 g/m (0.25 gr/ft ) dust loading. Despite previous data indicating 
that 11.4 cm (4.5 in) square flues are required with low-Btu gas. Chest* 
stoves are designed on the basis of 5.1 cm (2.0 in) square flues. A 
slightly higher than normal replacement rate in the O&M charges is assumed, 

^Thermal cycling increases the oxidation rate of SiC, Trinks (Reference 9.34). 
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In addition^ straight flues without lateral passages are used to miniiuize 
dust accumulation* At various elevations the checkers are supported by 
arches, both to reduce checker bottom stress and to allow redistribution 
of flow into blocked flues* 

The separately fired combustion air preheater (GAP) is a 
recuperative, muffle type. Costs of this device were indicated to be 
exceptionally high, so this design may not be near optimum. 

A 9.2. 1.3 CostinR 

Costing performed at the conceptual design level consisted of 
determining the quantity of materials in a basic device and structure 
without considering codes or service; estimating labor, material, and 
manufacturing costs; and breaking them down into per unit amounts. 

A 9.2.2 Summary 

The open-cycle HHD primary heat exchangers represent a consid- 
erable extrapolation of current technology. The following are the main 
areas of concern: 

• Effectiveness of the blown boundary layer protection system 

a Suitability of silicon carbide exposed surface tubes for the 
required duty 

a Upper -netal temperature limit or ceramic tube crossover point 

a Stove flue size and material for the specific combustion gas 
impurities encountered* 

A 9*2,3 Recommendations 

a The blown boundary layer protection system effectiveness should 
be determined by a thorough experimental program, 

a A suitable cerair.ic tube should be proof tested. 


A 9 . 2 ♦ A Diffuser Analysis and 

Recovery of the duct dynamic pressure Is iU‘c<jmpJ i shctl in n 
tl,ri-L-»llmonsionul plane wall dillusiT with 7.5 hall aiiKli-.s. U l« 
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perhaps optimistic to assume high~efficiency recovery with slag~covered 
rough walls with 7.5 degree half-angle divergence; but cooling should help, 
and this is not fundamental to the cycle performance. Figure A 9.2.1 shows 
the ceramic-lined flange tube wall cross section, and Figure A 9.2.2 shows 
the diffuser circuit schematic. The diffuser design assumes that gunned, 
chrome-bonded alumina will withstand the alkali vapor, velocity, and slag 
at 1778°K (2740"F) for extended periods. From a thermal impedance ratio, 
the refractory thickness is found to be about 1.27 cm (0.5 in). 

A 9. 2.4.1 Diffuser Dimensions 

The following are the reference diffuser design conditions: 

V = 30.5 m/s (100 ft/s) 
o 

P = 0.183 kg/ra^ (0.01142 Ib/f t^) / 

° i 

m = 1426 kg/s (3143.7 Ib/s) } 

These conditions are abstracted from Base Casa 2, Point 1,MHD generator 
design program computer output dated 2/25/75. The program assumes 
adiabatic diffuser walls. The diffuser outlet dimension is taken from 
the conservation of mass equation expressed as: 



1 

m 

1/2 

1426 

s == 

o 

P V 
■^0 o 


(0.183) (30.48) 


1/2 

= 15.9 m 


(A 9.2.1) 


for a square cross-sectional duct. Substitution of the assumed density 

mass flow rate and flow velocity into Equation A 9.2.1 yields a value of 

S of 15.9 m (52 ft). The axial diffuser length is given for 7.5 degree 
o 

expansion half ^angles as Equation A 9-2.2: 

T _ - (A 9.2.2) 

^ " 2 tan 7.5° 

S. is taken from the above mentioned computer printout as 3.9 m (12.8 ft), 
yielding a diffuser length, L, of 44.8 m (147 ft). These dimensions 
determine the irradiated surface of the diffuser. 
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Dwg. 6356A68 


Reinforcing Rod 


Insulating 

Concrete 

(refractory) 



^ Refractory (gunned) 


Fig. A 9. 2. 1- Ceramic lined flange tube wall of the diffuser 
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9. 2. 4. 2 Diffuser Thermal Analysis 

Heat is delivered to the diffuser wall by both radiation and 
convection* The radiation and convection heat transfer coefficients 
h and h^ are given by Equations A 9*2.3 and A 9.2,4, 


h = 
r 


- °01 


AT 


m 


(A 9.2.3) 


h 

c 


0.8 „ 0.33 


0.037 ^ 


(A 9.2.4) 


Equation A 9.2.3 is recognized as the radiant exchange coefficient between 
a radiating gas at T^ and black walls at T^. Equation A 9-2.4 is the 
turbulent flat plate convection coefficient. The assumption of black 
surfaces in the diffuser is conservative; and since the equilibrium rough- 
ness and material are not known, the assumption of unity emissivity is 
justified. The assumption of the turbulent flat plate boundary layer 
with an adverse pressure gradient is also conservative and is justified, 
since surface roughness can only be estimated as less than the laminar 
sublayer thickness . 


A significant probJ.em in radiative heat exchange is the deter 


minatlon of If T^ = T^, then = e^,. But this is not the case. 

McAdams (Reference 9.25) recommends absorptivity change of the gas due 
to molecular and density effects be accounted for by determining as 
G (T /T ) where Cg is the emmissivity for a temperature T^^ and 

effective partial pressure-length factor of PL(Tj^/Tg). For the tempera- 
tures shown in Figure A 9.2.2 the assumption that = Cg is conservative. 

The value Eg is formulated as the sum of emissivitles of the emitting species, 
carbon dioxide and water vapor in these cases, with appropriate correction 
factors for overlapping emission wavelength bands. Emission from the 


vapors of potassium sulfate, particulates, carbon monoxide, slag vapors, 
and the like are considered negligible. This nonconservative assumption 
tends to offset the conservative black wall assumption. The gas emissivity 


is given as: 


^H20“*^C0,,H20 (A 9.2.5) 

For Illinois No* 6 coal fired in the as received condition with 0.95 stoich- 
iometric air, the partial pressures of the carbon dioxide and water vapor 
are calculated to be 15.81 and 10.34 kPa (0,156 and 0.102 atm), respectively. 

The characteristic radiating length in the diffuser is given by 
Equation A 9.2.6: 


L =: -p- « 33 ft (A 9.2.6) 

o A 
s 

Although correction factors, to this basic length for the diffuser 

geometry are not available, a good estimate from Table 4-3 of McAdams 
(Reference 9.25) is given by 0.85 and 0.77 for the water vapor and carbon 
dioxide, respectively. The radiation opacity terms are given as Equation 
A 9.2.7 and A 9.2.8. 


(PL)_ - 0.156 (33) (0.77) = 3.96 ft-arm (A 9.2.7) 

CO2 

(PL)„ ^ - 0.102 (33) (0.85) = 2.80 ft-atm (A 9.2.8) 

H^O 


Sufficient data exist to enter Figures 4-13, 4-15, and 4-17 of Reference 

9.25 to determine e from Equation A 9.2.5. 

g 


e = 0.115 -fO.158 - 0.058 - 0.215 (A 9.2.9) 

^4100^R 


By similar reasoning 

= 0.160 + 0.207 - 0.058 = 0.309 (A 9.2.10) 


In order to iterate the design it is useful to cast the radiation heat ex- 
change into an effective coefficient form, as in Equation A 9.2.3: 


I - 0 . JL7.1A ^ ‘ I ) -0 .309 
V (/|I0'() ’- 3200) 


.(32)^) 


»= 54 liLu/Ur-ft -"F (A 9.2.11) 
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The values assumed for the calculation of the convection coefficient were 


p = 0.165 (0.0103 Ib/ft^ 

V = 330 m/s (1083 ft/s) 

L/2 = 24 m (78.74 ft) 

VI = 5.787 Ns/m^ (0.14 Ib/ft-hr) 

k = 0.1125 W/M-“K(0.065 Btu/hr-f t-“F) 

Re = 23 X 10^; Pr^ 33 ^ 1-0 

L/2 


A length dimension equal to 0.5 times the diffuser length was chosen as 
conservative. Substitution of these properties into Equation A 9.2.4 
gives the estimated convection coefficient, h^ as 130.6 W/m-»K (23 Btu/hr- 
ft-“F). The gas-to-wall total coefficient is estimated using Equation 

A 9.2.12 . 


U = h + h = 77 Btu/hr-f t-“F 
c+r r c 


(A 9.2.12) 


The effective conductance from the refractory surface to the 
cooling air la detarnlned It.r.tlvaly. The cooling air l«,oea ih. conpreaaor 
at 0.6586 MPa (6.5 am) and 514“K (665*F). from the knonn anrfaca t.mp.tatnro 
and irradiated diffnser area, the tamperatur. rise ot the air nap be found 
to be approximately 245‘K (441-« and the dilfna.r outlet c.bnatlon products 

temperature, 1970‘’K (SOSe^F) . 

After several iterations it is found that 5.08 cm (2.0 in) 

Schedule 40 pipes with flanges 0,635 cm (0.25 in) thick by 7.66 cm (3.0 in) 
wide as in Figure A 9.2.1. arranged to have 3600 parallel circuits, represent 
a satisfactory design compromise. Calculations from the final iteration 
are abstracted to Indicate the procedure. 


\ ' 


\ 
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The wall conductance, U^, to keep the refractory surface at 
[1778®K (2740°?)] is represented as Equation A 9.2.13, where is the 
average air temperature in the diffuser wall cooling passages: 

^c+r ■ ’’l^ “ ^t ^^1 ■ 9.2.13) 

' (3200-1100)“ Btu/hr-ft-°F (A 9.2.14) 

f 

Uj., the heat transfer coefficient per foot of tube based on a unit area of 
refractory surface is conservatively approximated by Equation A 9.2.15), 


0^'A^* = 1 (A 9.2.15) 

1.0 , 

\ ^1 ^ ’'f *^(0. 02“Al20,) 

and since four tubes per square foot of irradiated surface are assumed, 

Aj’ is'0.0762 m^/m (0.25 f t^/f t) . U^’ is equal to 0.25 U,. or 14.28 W/m-^K 

(8.25 Btu/hr-ft^ . -°F). 

tube 

For the stated tube -side air conditions of 0,6586 MPa (6.5 atm) 
and 514®K (465®F), the perfect gas law gives the air density. 

p 6.5 q4.7)(l44 ) lb (A 9.2.16) 

P “ RT “ 53.3 (925) “ 279 2 

It 

Assuming an air velocity of 38.1 m/s (125 ft/s) in the 
5.08 cm (2 in) diameter tubes, the Reynolds number of the flow is 
given by Equation A 9.2.17: 


_ 0,279 .. (12 5 ) g/l? ) , 2.51 

0 V 2.0 « 10‘5 


X 10 


(A 9.2.17) 
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For an air conductivity, k, of 0.0465 W/m-K (0.0269 Btu/hr-f t “°F) , and 
assuming the Prandtl number raised to the one -third power is approxi- 
mately one, the heat exchange coefficient in the tube is given by 
Equation A 9.2.18. 


h. = 0.023 k Re Pr 
^ d 

=87.1 Btu/hr-ft-“F 


0.023 


0.0269 

( 2 / 12 ) 


(2.91) 


0.8 


10 


(A 9.2.18) 


The first two terras of Equation A 9 ,2* 15 are evaluated assuming 


1 12 
\^^i^i 0 - 8 (tt) (2)87 .1 


0.0274 (Btu/hr-ft"-F) 


2.375 

An(d^/d^) ^ J,a(— j— ) ^ 0.00195 (Btu/hr-f t-F) 

2TTkj. 2v(14) 

The refractory thickness is found from Equation A 9.2.15. 


(A 9.2.19) 


(A 9.2.20) 


n^A'^k 


Cr02-Al203 


1 - 0.0274 - 0.00195 = 0.092 (A 9.2.21) 

8.25 


2 2 

Assuming is 0.85 and substituting A’^ as 0.0762 m /m (0.25 ft /ft) ^ 
and k for Cr 02 - AI 2 O 3 from Table A 9.2.1 as 2.942 W/m-»K(1.7 Btu/hr-ft -“f) 
yields a refractory thickness, t, of 1.01 cm (0.40 in). A thickness of 
1.27 cm ( 0.5 in) vjas used to allow for erosion-deposition stabilization. 
Stainless steel was used behind the refractory to provide some corrosion 
resistance in case of refractory spalling. 


Table A 9-2, 1 Refractory Properties 


Temperature, 

“F 

From To 

Refractory 

P 

Ib/ft^ 

c 

s 

Btu/lb-'^K 

k 

Btu/hr-£t-i®K 

$/lbm* 


2300 

X.H.D. fireclay 

145 

0.264 

0.83 

0.164 

2300 

2700 

Mullite 

155 

0.252 

1.0 

0.407 

2700 

3100 

High alumina 

185 

0.278 

1.58 

0.463 

3100 

3500 

Chrome bonded 
alumina or 
calcia stabilized 
zirconia 

185 

0.278 

1.7 

0.482 

3500 

4100 

Yttria stabilized 
zirconia 

322 

0.17 

1.0 

- 3.30 
1 7.00 


The MHD loop computer design program assumes adiabatic diffuser 
walls, but from this point in the thermal analysis onward the thermodynamic 
state of the various working fluids may deviate from the computer results 
as actual heat flows are accounted for. Heat flow through the diffuser 
wall into the primary combustion air is computed by an energy balance 
between the air and products of combustion. The overall (UA )’ is computed 
using Equation A 9.2.22 


(\' 4 ) = 


n .d^ 


. Haid /d.) ^ U ^ + k/t 

+ o 1 + r+c 


(A 9.2.22) 


2Tik 


n jAj 


' "r+c 


where k and t both refer to the thermal conductivity and thickness of the 
gunned refractory. Substitution of properties already given in this 
section results in an overall (UA) * of 35*36 W/m-^K (6.22 Btu/hr-f t -®F) . 
Although the solution is iterative, only the final interation is given 
here. The heat transferred through the wall for an assumed duct length 
of 44.8 m (147 ft) and a mean duct dimension of 9.75 m (32 ft) is: 
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q = (UA)' L AT^ 

q = (6,22) Uq^) (4) (32) (144)] (3800 - 1100) (A 9.2.23) 

= 1.264 X 10^ Btu/hr 


In terms of the relative enthalapy of the 2502 MHD Thermo chemical Properties 
of Combustion Gases Computer Program run for as received Illinois No. 6 
coal dated 2/17/75, the diffuser outlet products have a relative enthalpy 
of: 


i =-0.565 [MJ/kg] - 


1.27 X 10^ r Btu/hrl 1054fJ/Btu] 
1426[kg/s]3600[s/hr] A 9.2.24) 


i = -0.B26 iMJ/kg] 


Table A 9.2.2 Temperature- Enthalpy for Combustion Products 


Te “K 

i.MJ/ke 

1900 

-^.940 

1970 

-0.826 

2000 

-0.783 


From the interpolation in Table A 9.2.2, the outlet temperature of the 
diffuser air is 1970“K OOSe"?) This is sufficiently close to the assumed 
outlet of 3680*R in Figure A 9.2.2 to terminate the iteration. 
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To complete the design ,3600 parallel tubes are required, as in 
Equation A 9.2.25. 


^ _ 1248 rkg/sl2.2llb/kg] — (A 9.2.25) 

125 [ft/slO.279 [Ib/ft^] 0.0218 [ft /tube] 


;;; 3600 

For 3600 parallel circuits, the average tube length is less than 7.62 m 
(25 ft), as seen in Figure A 9.2.1. 

Pressure drop, neglecting headers, in the diffuser cooler is 


given as: 


Ap 

I 1 



0.025 


25X121 + 

2.0 


i.o: 


(0.279) (125)^ 

(2) (32.174) (14A) 


Ap = 2.23 psi 


(A 9.2.26) 


A 9.2.4. 3 Diffuser Scaling 

The MHD duct outlet temperature for all cases, is nearly constant, 
as is the compressor outlet temperature. The products-to-corabustion air 
mass ratio is also a second-order effect on mean temperature difference. 
Given these constraints, scaling of the diffuser dimensions and material 
requirements is accurately and simply represented as 

f. = 2 (S. + 1.46»^ ) (2.82) (1.46)*^ (A 9.2.27) 

n • X • i 

1/2 

The numerical value 1.46. has the units ft /(kg/s) and is obtained from 
Equation A 9.2.28 and the combustion airflow rate is: 


52 [ft], ^ (A 9.2.28) 

✓ 1256 kg/s 


The numerical value 2.82 Is a dimensionless proportionality constant 











It is calculated by assuming the diffuser length is proportional to the 
outlet dimension. 


L 147 
S 52 
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(A 9.2.29) 


o 

Note that for the lower MHD duct flow rates the diffuser tube diameter is 
reduced to maintain pressure drop simular to the base case. The 
incremental change in tube -side thermal impedance is negligible - 


A 9. 2.4.4 Diffuser Material Content 

The materials per foot of diffuser surface summed from the 
previous dimensions are shown in Table A 9.2.3. 


Table A 9.2.3 - Diffuser Material Content 


Ruby refractory 1/2 in 

^ 1 [ft^l (197) [^1 = 8.2 Ib/ft^ 

ft"^ 


Flange 

CD (l)a728) (.289) = 10.4 Ib/ft^ 


Tube 

4 (1) (1.075) (.289) (12) = 14.9 Ib/ft^ 

2 

Z Flange and tube 25*3 Ib/ft 

Headers 

2 

10% of flange-tube - 2.53 Ib/ft 

10% for headers is a factor obtained from a cost analysis of this 
diffuser (Figure A 9.2.2) design- 
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Diffuser Structural Material 

The diffuser slab is presumed to be of reinforced concrete 
0.4572 m (1.5 ft) thick and trapezoidal in plan. For the computed design 

O Q 3 

206 m (270 yd ) of concrete are required. To this are added 6.88 m 
(9 yd ) of concrete for an expansion joint foundation, making the total 
213.3 (279 yd^) . Materials given in Table A 9.2A are for a refractory 

lined steel shell with external framing, even though refractory concrete 
may represent a better choice. 

Table A; 9. 2. 4 Diffuser Structural Materials 


Structural Steel 20,000 lb 

Plate Shell, 1/2 in 408,000 lb 

Refractory, 12 in. thick for 190°r cold face 860,000 lb 
Anchor Bolts $3.00/ft^ H.X. 

surface 

(Mat’l and labor included in insulation cost) 


Reinforced Concrete 


279 yd^ 


For other parametric points each of the above material quantities is 
assumed proportional to the area of heat exchange (H.X.) surface. 

A 9. 2*4. 5 Diffuser Operating and Maintenance Charges 

Although no data exist for gunned chrome-bonded alumina refractory 
surfaces, it is arbitrarily assumed that 20% of the diffuser surface must 
be sand blasted and regunned each year. Costs are given in Table A 9.2.5. 
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Table A* 9.2.5 Diffuser >Iaintenance Costs 


Operation 

Cost 2 

(Mat’l & labor), $/ft 

Direct Charge, 
$/ (f t^H.X. ) (vr) 

II .1^.1 — ■ ■ — - — 

Sand Blasting 

1.50 

0.30 

Gunning 

3,50 

0.70 

Welding, 

3.30 


(1/2 in. thick mat 

’1) 


A 9.2.5 Recuperator; 

Air Temperature > 1367®K (2000®F) 



The recuperator is iimnediately downs treani of the diffuser in the 
products stream. At the time the recuperator estimate was prepared some 
uncertainty existed about whether the secondary combustion air would be 
injected immediately do^rastream of the diffuser^ injected downstream of 
the recuperator, or injected as a protective boundary layer in the recuperator. 
It was decided that the design would be based on the MHD ducc computer 
program temperatures and later scaled to account for the nonadiabatic 
diffuser and secondary combustion air injection. 

The temperature distance chart (Figure A 9.2.3) shows that the 
recuperator must be a counterflow device. Exhaust products enter the ex- 
haust duct at 2056“K (3240“F;J and air leaves the ceramic tube section at 
1589“K (2400‘‘F). From the air inlet condition of 0.6282 MPa (6.2 atm) 
and 1367°K (2460“R) , the heat exchange is given as 

q = m (i^ - i^) 9.2.30) 

As stated nreviously» silicon carbide in the presence of alkali 
and sulfur vapor and air forms volatile species and, therefore, must be 
protected. Upstream from the recuperator is an annular separator which 
shunts liquid slag from the top and side walls to the floor of the ex- 
haust duct. The tubes are protected by a blown boundary layer of alkali- 
free air or recirculated exhaust products. Figure 9.2.4 shows a cross 
section of an extruded ceramic tube. Wall thickness is computed using 
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Temperature, 



Distance Along Duct 


Fig. A 9. 2. 3- Temperature distance chart for the ceramic tube 
section of the recuperative heat exchanger 


/ / - Z 




^ l^f ractory^ 






stress and creep for dense graphite, presuming silicon carbide surface 
treatment of graphite is an acceptable alternative material process- 
In any case, graphite tensile strength lies well below that of silicon 
carbide (KT) , SiC-Si (Durhy) and SiC-Si^N^ (Refax) (Reference 9-27). 

The required wall thickness for thermal design purposes is calculated 
assuming thin wall stress distribution according to the Equation A 9.2.31: 

t = U (A 9.2.31) 


For 5.08 cm (2 in) id graphite (thinner walls for silicon carbide) tubes 
and an allowable stress of 3.447 MPa (500 psi) , a wall thickness of 
4.7 mm (0-185 in) is required to withstand a design pressure of 0.638 MPa 
(92.5 psi). A 6.35 mm (0.25 in) wall thickness seems reasonable, since 
the surface most likely to erode is very thick- 

The overall thermal conductance per foot of tube is given as 

(OA)* = ^ 

1.0 1 (A 9.2.32) 

n^.d.h^ 2. A- 

For an average air velocity of 38,1 m/s (125 ft/s), the Reynolds number 

4 

based Oil average velocity and properties is 5-4 x 10 . 

The Colburn correlation. Equation A 9.2.33 (Reference 9.28) yields 
a tube--side heat transfer coefficient of 232.8 W/m^-®K Btu/hr-f t^°F) . 


h. = 0.023 = 41.0 Btu/hr-ft^°F (A 9.2.33) 
1 

Assuming the tube wall surface is 80% thermally efficient, the dimensions 
of pipe in Figure A 9.2,4, mean properties, and = 210 W/m^°K(37 Btu/ 
hr-ft^*F) gives (UA)' as 35.6 W/m^°K (6.28 Btu/hr-f t^-“F) . 


The determination of as 210 W/m^‘’K(37 Btu/hr-ft^-T) deserves some 

discussion. Figure A 9.2.4 indicates that the convection component 

of the combined radiation-convection coefficient is determined by blown boundary 
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layer theory and local temperature difference to the transpiring stream. 
In effect, part of the heat delivered to the tube by radiation is lost 
by convection to the cooler transpiring stream. Thus it is necessary to 
know the required blowing rate. 

Almost perfect protection of the surface is required. In terms 
of the diffusion mass transport of the vaporous alkali-sulfur species, 
good protection requires that sufficient blowing be established so that 
the diffusion coefficient Is small. Unfortunately, existing diffusion 
transpiration theories, Hartnet and Eckert (Reference A 9.29) for 
laminar flat plate, and Rubesin and Rubesin and Pappas for turbulent 
flat plate as reported by (Reference A 9.30), Kays, accounts for only 
molecular diffusion. The effects of laminar izat ion by acute angle 
injection, convective diffusion, and gravitational separation can only 
be estimated at this time. The blowing rate is determined by requiring 
the molecular diffusion coefficient to be reduced by 50% according to 
Rubesin's approximation. 

From Figure 15-3 of Reference 9.30 for h^/hp^ = 0.5, similar 
molecular weights, and turbulent conditions 


o 


(A 9-2.34) 


It should be noted that Equation A 9.2.34 is dimensionless, having 

the dimensions of ft gas/(ft^ surface) (s) for compatibility with Reference 9.30. 
From the Chxlton—Colburn analogy between mass and heat transfer, h^^ is 
estimated from Equation A 9.2.35 for flat plate flow with a Lewis 
number of 1: 




0.037 k 

pC L 
P 


0.8 




0.33 

Pr 


(A 9.2.35) 
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The properties of combustion products are assumed identical to those 
of air where unknown, and length is conservatively estimated as 15.24 m 
(50 ft). The parameters used are given below in Table A 9.2.5. Sub- 
stitution into Equation A 9.2.35 yields h^^ equal to 8.737 cm/s 
(1032 ft/hr) and substitution into Equation A 9.2.34 gives m" equal 

to 0.33 ft^/(ft^-H.X.-s). 

Table A 9.2.5 Flue Gas Properties 


Parameter 


L 

V 


P 

y 


Cp 


k 


Pr 


1/3 


Re 


Value 

30 ft 
100 ft/s 
0.0156 Ib^ 

0.14 Ib/ft-hr 
0.28 Btu/lb-“F 
0.05 Btu/hr-ft-^F 
1.0 

1.2 X 10^ 


By analogy the convection coefficient h, locally applicable. Is estimated as 
h = 0.5h^ P Cp= 2.25 Btu/hr-ft-“F (A 9.2.36) 

If acute angle injection is able to return the boundary layer to laminar 
flow, the blowing rate from (Reference 9.29) for 

0.006096 m^/m2s(6.02 ft^/ft^-s). Between 0.01829 and 0.06096 m /m -s 
(0.06 and 9.2 ft^/ft^-s) should be adequate. 

The radiation coefficient, by techniques of Equations A 9.26 through 
A 9.2.12 is found to be 232.8 W/m^-^K (41 Btu/hr-ft^-^F) . The combined 
coefficient is formulated as 

„ _ Ai - 9 25 (2M0ziii0) ^ 37 Btu/hr-ft^-»F (A 9.2.37) 
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Overall log mean temperature difference is given as 


AT 


jm 


(3700-2860)- (3320-2460 ) ^ 


to 


(840 ) 

(860) 


(A 9.2.38) 


The enthalpy difference to heat the air from 1367 to 1589°K (2000 to 2400”F) 
is 0.2687 MJ/kg (115.53 Btu/lb) . The heat added in the high-temperature 
recuperator is given by Equation A 9.2.39: 

(A 9.2.39) 

q = m Ai = C(1256) (3600) (^^)] (U5.53) = 1.151 x 10^ Btu/hr 


The required length of tube is given by Equation A 9.2.40: 


L = 




_ 1.151 X 10^ 
(6.28) 850 


= 2.157 X 10 


5 


ft 


(A 9.2.40) 


For the geometry shown in Figure A 9.2.4 which has a surface area per 

2 2 

unit tube length of 6.35 cm /cm (0.208 ft /ft), the surface area required 
is 4175 m'^ (44938 ft'‘). Continuity indicates for a velocity of 59.1 m/s 
(195 ft/s) and 5.08 cm (2 in) id tubes, 8628 parallel circuits are 
required of 7.62 m (25 ft) length. This represents a convenient circuitry. 
The tube side h is based on 38.1 m/s (125 ft/s) in Equation A 9.2.33 and 
is not recalculated. 

In order to minimize axial length, four vertical splitters are 
used in the duct. The correction to mean radiating length is given by 
McAdams (Reference 9.25, Table 4-2 and 4-3). Figure A 9.2.5 shows the 
duct schematic in the ceramic tube section. The radiation coefficient 
previously cited is calculated for the splitters of Figure A 9.2.5. 

With four vertical splitters, eleven surfaces are available for heat ex- 
change, excluding the slag tap floor. 
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For a 15*84 m (52 ft) square duct, and assuming 7*62 m (25 ft) 
lengths of the tube supplied by a header down the center, the silicon 
carbide-lined duct will be approximately 25 m (82 ft) long. 

Pressure drop in the ceramic tube primary heat exchanger 
is 


Ap 




=0.75 psi 


(A 9.2.41) 


Joining the extruded ceramic tubes to the header is accom- 
plished by platinum-plated molybdenum metal rings which allow for 
thermal expansion and simple replacement. 


A 9.2. 5.1 Ceramic Recuperator Scaling 


Several characteristics permit scaling the ceramic recuperator 
to other conditions. The design and tube circuitry are flexible 
enough to apply to all cases. In addition, the ceramic recuperator 
is used above 1367°K (2000°F) in all cases. From Equation A 9.2.40 
the heat exchange area is proportional to heat rate and inversely 
proportional to log mean temperature difference, (UA) ’ being indepen- 
dent of velocity of the products. If the log mean temperature difference 
is approximated as the average temperature difference, the required 
surface area, A^ , is given by the following proportion: 


*A - 2460 

Ag “ f +"t - 2460 

p. a p 
1 o ' o 


(A 9.2.42) 


A 9.2. 5. 2 Ceramic Recuperator Structural Materials 

The slab, shell, and structural steel of the ceramic recup- 
erator are similar to the metal recuperator, so they are comnuted as a 
unit in Section 9,2.6. Operating and maintenance charges were assumed 
to be the same per unit area as in the metallic recuperator and also 
are given in Section 9.2.6 
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A 9.2.6 Metallic Recuperator 


As presented in the introduction, the change from metal to 
ceramic tubes is arbitrarily set at 1367°K (2000®F) . The hot end tube- 
wail temperature is then about 1A22°K (2100 F) . Design data for the 
proposed material, RA 333, at these conditions are tentatively taken 
from the manufacturers* catalog (Reference 9.31). RA 333 is an alloy 
composed of A5% nickel} 25% chromium} 18% iron,* 3% each of tungsten, 
cobalt, and molybdenum} 1.25% silicon} and 2.0% maganese. At 1A22®K 
(2100°F) the stress to produce 2.78 x 10 %/s (0.0001%/hr) secondary 

creep is 965 kPa (lAO psi) (Reference 9.31). The alloy does not 
resist sulfur well at high temperature, so a protective boundary layer 
is used; less protection is required at lower temperatures. In a 
creep stress analysis .uniform stress distribution may be assumed. The 
wall thickness is determined using Equation A 9.2.31. At the hot 
end the pines are assumed to have a 1.68 cm (0.66 in) wall thickness. 

The wall thickness of the 5-08 cm (2 in) pine increases with temperature 
from 0.55A cm (0.218 in) to 1.68 cm (0.66 in). The greater portion 
of the exchanger pipe has thin walls so the smaller dimensions 
are used to estimate the resistance to heat flow. 

Analysis proceeds as in the ceramic tube section with new 
material properties, eraissivities , and temperature differences. 

Figure A 9.2.6 is a counterflow temperature distance chart for the 
metallic recuperator. Assuming 83“^ (150°F) for air-to-tube temperature 
difference leads to evaluating the average tube thermal conductivitv 
from Reference 9.3.1 as 2.900“ W/m-“K (11.5 Btu/hr-f L-“K) • 

In evaluating the radiation coefficient, the radiation opacity 
parameters, P L in ft-atm, are found to be l.AA and 2 for water vapor 
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and carbon monoxide, resnectively , by techniques previously documented. 

For these conditions the emmissivities are computed as; 

e ==e +e = 0.153 + 0,21 = 0,05 0.313 (A 9.2.43) 

^2807 ®C02 

e = 0.386 (A 9.2.44) 

®2060 

A radiation heat ex.:hange coefficient, as defined by Equation A 9.2.3 
is found to be 162.4 W^m^— °K (28.6 Btu/hr— ft — °F). 

The combined coefficient, is assumed to be 141.9 W/m -"K (25.0 

Btu/hr-ft^-“F) xjhen corrected for blowing the boundary layer as in 
Equation A 9.2.37. Figure A 9.2.7 shox« a cross section of the 
proposed wall tube. 

Conductance ner foot of tube is given by Equation A 9.2.45: 


(UAp’ 


n wd.h. 
t 11 


)ln(d /d.) 

+ 2_J^ + 

2n 


(A 9.2.45) 


Hf A,- 


c+r 


For a 1.27 cm (0.5 in) thick by 10.2 cm (4 in) wide flange, 
fin efficiency, Hj.., is given for a rectangular fin as: 


n_ = —r tanh (ml) 
r inx 


(A 9.2.46) 


Inhere H In this case is half the flange width. Substitution of average 
material nronerties yields the value of mi given by Equation A 9.2.47. 



K 


1.05 


(A 9.2.47) 


Substitution into Equation A 9.2.46 yield an effectivness, Tlf 
A similar value is used to account, approximately, for varying tube wall 

temperature. 

Substitution of the following parameters in Table 9.2.6 into 
Equation A 9.2.18 gives a tube-side convection coefficient, h^, of 
368.7 W/m^-^KCeS Btu/hr-f t^-®F) . 

Table A 9.2.6 Tube-Side Air Properties 
in Metallic Recuperator 


Parameter 

« 1/3 
Pr 


P 

M 

V 

Re 


150 


Value 


1.0 

1/6 ft 

0.0477 Btu/hr-ft-'^F 
0.131 Ib/ft^ 

3.33 X lO'^ Ib/ft-s 
150 ft/s 
0.983 X 10^ 


0.75 
1/3 ft 


2 

H.X. 


/f^ube 


Values also substituted into Equation A 9.2.45 from Table 9.2.6 yield 
an overall conductance per unit length of tube, (UA)' of 8.306 W/m - K 
(4.8 Btu/hr-ft-“F) . 
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To heat 1256 kg/s (2769 Ib/s) of air from 756 to 1367°K 

9 

(900 to 2000“ F) requires the addition of 882.2 MJ/s (3.01 x 10 
Btu/hr) of heat. With a log mean temperature difference of 
498“K (897 “F) and the previously cited unit conductance approximately 
213,133 m (699,250 ft) of tube are required. This solution is, of 
course, iterative with only the last iteration presented. The length 
of the tube is equivalent to 21,654 (233,000 ft^) of irradiated 

surface. With four vertical splitters in a 15.85 ra (52 ft) square 
duct with a slag tan floor, the metal section of the exhaust duct 
becomes 129 m (423 ft) long* 

Circuitry must be very nearly true count erf low. Tlii? can 
be accomplished by 4 tube-side passes, 7000 parallel tubes per pass. 

The configuration has a relatively high pressure drop of 34.47 kPa 
(5 psi) and should be optimized for pressure drop and cross-flow 
correction factor in Task II. 

A 9. 2,6.1 Metallic Recuperator Scaling 

i 

Several characteristics make scaling of the metallic 
recuperator from case to case comparatively simple. As in the case 
of the ceramic recuperator, the design is sufficiently flexible to 
be applicable to all cases. The metallic recuperator always heats 
air to the same top temperature, 1367°K (2000°F), and takes air from 
the diffuser cooler. It should be noted that although the design 
is very flexible, the duct wall dimension is proportional to the square root 
of mass flow. It is assumed that air velocity and tube length can 
be adjusted over a range of cases so that tube-side thermal 
impedance variation remain negligible. Under these conditions, the 
heat exchange surface area is directly proportional to the heat 
added to the air and inversely proportional to the mean temperature between 
the exhaust products and the air, as shown in Equation A 9.2.4 where the 
temperatures are in °R. 

m ( 2460 - V) 

. a 

s “ T - 2460 + T - 1360 
Po 


(A 9.2./'8 
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The constant of proportionality is obtained from the case computed 
herein. 


Table A 9,2,7 - Metallic Recuperator Material 


Metallic Tube Weight 

48.7 

(34.3 

mass flows) 

Headers (10% tube) 

4.87 

Refractory Insulation ^ 

(1)(1)(1) ft3 (43) 



for lower 


Table A 9,2.8 - Recuperator Structural Materials 


Concrete Slab (1.5 ft thick) 
Structural Steel: i 

1624 yd^ 

12 X 3 in channel arch ! 

128,000 lb 

every 15 ft (34 arches) 
34 X 150 X 25 ib/ft 

Cross Framing 


34 X 50 X 25 Ib/ft 

43,000 lb 

Shell Plate, 1/2 in 

20.4 ib/ft^„ ^ 

n. A. 


A 9. 2. 6. 2 Recuperator Operating and Maintenance 

The recuperator would probably be cleaned by sand blasting 
once a year, and 2.0% of the surface should require patch welding 
each year. Costs of these operations are given in Table A 9.2.9 

Table A 9.2.9 Annual O&M Charges 

Cost 2 2 

Operation Material & Labor. $/ft Direct Charg e. $/ft -yr 

Sand Blasting 1.50 . 1.50 

Welding 3.30 6.60 

A 9.2.7 Separately Fired Air Heater 

Periodic air preheaters of the blast furnace stove-type are 
recommended for relatively clean fuel gas. Hlgh-temperature gasified 
coal fuel gas can probably be cleaned to conditions of 0*57 g/m 
(0*25 gr/ft^) dust loading and 800 ppni combined alkali and chlorine. 

Under these circumstances a reasonable life [157*7 to 220.7 Ms (5 to 
7 yr] may be obtained from refractory checkers. Although various 
techniques (high-pressure burners and air-pressure drop, close approach 
to heating gas with nearly constant temperature checkers, etc.) may 
be used to increase the heat rate per unit checker mass, all of these 
techniques increase the refractory duty and incur their own cost 
penalties. For these reasons, a conventional model of a regenerator 
is used. 

In this model the center line of a checker at a given elevation 
is assumed to remain at constant temperature through a heat-cool cycle. 
The checker surface temperature fluctuates according to the periodic 
temperature solution given by Carslaw and Jeager (Reference 9-33). 

If the checker center— line temperature remains constant ^ then the heat 
flow may be approximated by that of a recuperative type, in other 
words, linear temperature profiles. It is evident that fouling is 
twice as significant here as it is in a recuperative heat exchanger 
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with clean and dirty streams since it represents a thermal impedance 
to heat entering and leaving the checkers. The same may be said 
for pressure drop due to fouling or slump. 

Initial sizing of a stove may be obtained from Equation 
A 9.2.40, using the conductance per foot given by Equation A 9.2.49 
(Reference 9.25) for symmetrical heating and cooling cycles. The 
source of the resistances is readily apparent except for the 0 term, 
an equivalent resistance of heat storage which in effect approximately 
accounts for nonlinear temperature gradients in the checker. This term 
is neglected for all initial sizing, being only 2% of the overall thermal 
impedance. Fouling is accounted for as an additional series resistance with 
convection. In dusty environments Trinks (Reference 9.34) mentions as 
much as 20% reduction in heat exchange coefficients. Figure 1 of 
Reference 9.35 suggests a 25% augmentation of the convection coefficient 
for straight flues, to give the convection coefficient for flues made 
from 12.06 cm (4.75 in) high brick and 3.18 mm (0.125 in) misalignment 
in stacking. Spoiler effects are considered to exactly offset fouling 
effects. 


(UA)’ = 


(A 9.2.49) 


h A ' 
g s 


IcA 


h A ’ 
a s 


2.5 


C p r„A 
s s B s 


h,,A ' 
fl s 


The characteristic checker dimension, r^, is defined by 
Equation A 9.2.50. 


r 


B 



(A 9.2.50) 


NoU*: MrAdaiiis Kf|ual l<in I 1- 55 usi'.s a term r. /|k(ii"-H)*) | wlitcli shmilil 

read 2 rjj/[k(0*’+0* ) ] . 
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Flue surfaces in these designs are rough square tubes, formed by 
straight, nonin ter connected chiinmney flues, similar to basketweave 
checker settings* The void volume, e, is given as* 



(A 9.2.51) 


McAdams (Reference 9.25) gives the regenerator equations developed 
by Hansen and Hot tel as the following. Equations A 9.2.52 through 
A 9.2*61. 


Dimensionless regenerator size: 


A = 




1 - e 


e C G \ r„ 
® p o \ B 


(A 9*2*52) 


" C G 
P O 

a 


1 - 


(A 9.2.53) 


Dimensionless regenerator period as : 


X = 


h 0 

Si 

S S D 


(A 9.2.54) 


T 


h 0 
a 




(A 9*2.55) 


Steam rise or fall: 


T - T 

n 2 


X/t 


AT, , 1 

?.m -1 , -1 . « 
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(A 9.2.56) 
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(A 9.2*57) 


The mean effectiveness, ([ 1 ^, is given in Figure 11-11 of Reference 9.25 
using a mean size and period of 


“1 -1 
A = 2 A < A 
s g a 


(A 9.2.58) 


and 




(A 9.2.59) 


In the regenerator design, so far, mean portal temperatures 
are assumed. The thermal droop is approximated es: 


and 




/A 


1 ’ 

J 




(A 9.2.60) 


(A 9.2.61 


With the plurality of design variables represented in Equation 
A 9 . 2.49 through A 9.2.61, it is evident that the appoxiinat ion by 
Equa^^ions A 9.2.49 and A 9.2.40 and temperature difference is very useful. 
Given the constraints of solid chlramney flues and using minimum dimensions 
consistent with slag or dust loading places constraints upon the design. 
Consistent design parameters are achieved by iteration. 




r 
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A uniform set of stove materials is used in all EGAS stove 
type regenerators* In keeping with industry practice, refractories are 
used to within 100“K (180® F) of their maximum environmental service 
temperature. Table A 9,2*1 indicated the thermal ranges of materials. 

In any computation weighted average cost and properties are used for the 
whole stove* 

The introduction contains guidelines from industry practice on 
flue size versus dust loading. Because stove efficiency and low cost 
both favor small flue size, and because historically refractory 
manufacturers have increased checker duty with increasing raw material 
purity, the industrial guidelines are eased in this design to allow 
5*08 cm (2 in) square holes with 0.572 g/m^ (0.25 gr/ft ) dust loading. 

In reality this does not lie far outside the guidelines , because 
industrial guidelines are based on low-Btu gas, and the Westinghouse 
proposed gasifiers produce low- to medium-Btu gas. For fuel air ratios 
giving 10% excess air the combustion product dust loadings are comparable. 

The final iteration of the Base Case 1, Point 1, stove design is given 
as an example. An additional constraint on the design is that cycle 
time should be short for low capital cost and long compared to blowdown 
and valve cycle times* Modem automated blowdown and valve operation 
stove change systems yield 180 to 300 s (3 to 5 min) turn around. Thus ^ 
the stove time period should not be less than 600 s (10 min). 

Using the 600 s (10 min) cycle in the mean Fourier Number and 
mean Biot Number, the Heisler Charts indicate a 3.18 cm (1.25 in) thick 
wall will have a center-line temperature change of about + 10%. This 
is a reasonable range for designs not using the saturated checker 
approach being operated in parallel to avoid thermal droop. For an 
8.255 cm (3.25 in) square brick with a 5.08 cm (2 in) square flue, the 
void fraction is 0.379, and the characteristic dimension ,r^, is 0.02083 m 
(0.068 ft). The ratio of gas to air velocity, assuming negligible heat 
loss rate^is given by Equation A 92,62, 



V 

J& 

V 

a 

Table A 9.2*10 is a compendium of various parameters applicable 
to stove operating conditions. 

Table A 9.2.10 Stove Parameters 


Parameter Value 


m 

a 

1532 kg/a 

m 

P 

790 kg/s 

Pa 

0.0855 Ib/ft^ 


0.0099 Ib/ft^ 

‘’s 

173 Ib/ft^ 


4.02 X lO"^ Ib/ft-s 

‘'p 

4.43 X 10~^ Ib/ft-s 

a,p 

1.0 

V 

a 

30 ft/s 

V 

P 

134 ft/s 


1/6 ft 

Re 

a 

0.107 X 10^ 

Re 

P 

0.0497 X 10^ 

ic 

s 

1,31 lltii/hr-ft-’K 

k 

a 

O.O’jH'J lUii/lit U-"K 

k 

P 

0.0652 Btu/hr-ft-*F 

C 

0.264 Btu/lb-*F 

C 

Pa 

0.312 Btu/lb-°F 

C 

PP 

0.339 Btu/lb«-F 


C 'r T 
p A 1 2 - 10 

as a 1 a a / a 

P ~ I fp r ' 

p A p 1-2(0 
g s I g gj g 


(A 9.2.62) 
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Substitution of values from Table A 9.2..:. into Equation A 9.2.18 yields 
the heat exchange coefficient for products and air wliich are 45.99 and 
76.64 W/m^-’’K(8.l and 13.5 Btu/hr-ft^^F), respectively . 

For an initial estimate of the stove size, the value of r^ 
used is the checker wall thickness. This is consistent with the 
steady recuperator model of the regenerator. Substituting into 
Eqation A 9.2.49 while neglecting heat storage impedance yields 
the conductance per unit length of flue: 


(UA) ' 


I 12 , 1.25 _ _ ^ — 12 — _ 2.41 Btu/hr-ft-“F (A 9.2.63) 

ll3.5(8) ^ 1.31(8) 8.1(8) 


The active length of a flue in this signal pass regenerator is. 


I = 


VA,P C At^ 
f P a 


(UA)' AT 


im 


(A 9.2.64) 


Substitution of temperature from Figure A 9.2.8 into the usual equation 
for counterflow log mean temperature difference yields: 


4060 - 3400 - (3060 - 2842^ _ ^qq°p (A 9.2.65) 

; [ 4060 - 340^ 

I 3060 - 2842 

. i 


Substituting the temperature rise of air from Figure A 9.2.8, the 

AT and (UA)', and values from Table A 9.2.10 into Equation A 9.2.64 
ilfn 

yields: 


, _ (30) (3600) (4/144) (0.0855) (0.294) (3400 - 2842 )_ 9.2.66) 

^ 2.41(400) 

Subsequent Iteration shAws that the flue height only needs to be 12.80 m 
(42.0 ft) to obtain the required air-stream temperature rise. 
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Substituting values for a 600 s (10 min) cycle into 
Equations A 9*2.52 through A 9.2.59 yields 


X = 


13.5 


a ^ 0. 312(0. 0855)(30)(0. 379) 


3Z£ = 4 73 (A 9 2 67) 

I 0.0684 3600[s/hr] 


X = 


8.1 


f l-0.379 ‘ (42.1) ^ 


g 0.339(0.0099X133.5) (0.379) 10.0684 3600 


5.075 (A 9.2.68) 


. _ 13.5 (1/6) ^ f, ,, 

(0.264) (173)(0. 0684 


T =: T h /h = 0.432 
g a g a 


(A 9.2.69) 
(A 9.2.70) 


X = 4.90 


(A 9.2.71) 


T = 0.576 

s 


(A 9.2.72) 


From Figure 11-11 of Reference 9.25> the mean effectiveness, 4)^, 
is found to be 0.7. 

Substituting into Equation A 9.2.57 for air temperature rise 

gives X 

(T _ X ) = (4.73/0. 72) _ ( 40O) 9.2.7 J) 

^ ^ ® 2.31 + 1.39 + 1.74 [4.9 (^ - 1) - 2J 

The air preheat temperature is 1956°K (306 1®F), which ej'.ieeda the 
1889“K (2940®F) required. 

The temperature drop of the gas products stream is given 
by Equation A 9.2.56 or: 

T. ' r.l “(./') (■».0H/n./| 17) <0, /7/4. / >) - (A U.2./4) 

I •? I K 
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This compares favorably with the 556°K (1000“F) required. The air tljermal 
droop calculated using Equation A 9.2.61 is less than lll®iC {200°F). 

Since the calculated air rise is 67“K (121®F) greater than required, 
this will partially offset the thermal droop, or a shorter time cycle 
may be used. This design is probably not optimum but is workable. Thu 
basic stove structural design with combustion chamber is typical and 
along the lines of Figures 110a and 110b of Reference 9.?3. Note that 
the combustion chamber and perimeter insulation provides reserve 
capacity. This capacity is greater than usual because the stove shell 
is designed to a 6.1 m (20 ft) diameter to facilitate section arches 
under the checkwork. 

The final wrap— up on this stove design requires the 
superficial velocity, V^, given as 

Vq = e Va = 0.379(30) = 11.4 ft/s (A 9.2.75) 


Total active checker flow area is given by the continuity equation 
expressed as Equation A 9.2.76: 


A 



._1532[kg/s] 2.2flb/kg1 
li.4[ft/s] 0.0955[lb/ft3] 


= 3465 ft^ 


(A 9.2.76) 


Each stove has an active checker superficial area of 16.5 m^ (177 ft^). 
Therefore, 40 stoves are required, 20 being heated while 20 others 

^re giving up their heat to the air. The stove pressure drop is small 
(approximately 2.07 kPa (0.3 psi). 

A 9.2. 7.1 Stove Regenerator Scaling 

Tlie stoves are scaled in the same way as are recuperators, 
implying, as did the assumption of negligible heat storage Impedance, 
that heat storage will not become a problem. Since flue velocity 
and wall thickness are constant, this is reasonable. Unfortunately, 
primary combustion air preheat temperatures diminish in some cases 





to a point where the capital cost of a stove is not justified, and 
some other means of preheating air is indicated (a muffle heater, 
for example). Separate designs were not justified because as the stove 
height diminishes [42 stoves 1.B3 m (6 ft) high for Base Case 1, 

Point Suborders on the ludicrous] the stove cost becomes a small 
part of plant cost. 

The scaling rule is again written as a proportion, the constant 
being determined by the above computation of stove size for Base Case 1. 

The height of the stove was assumed to be directly proportional 
to the required air temperature rise and inversely proportional to the 
stove log mean temperature difference: 

L AT /AT^ (A 9.2.77) 

The number of stoves was assumed to be proportional to 
the mass flow rate of the air. 


N°=m (A 9.2.78) 

a 

A 9 . 2 . 7 . 2 Stove Regenerator Material 

Traditional stove design incorporates a combustion chamber and 
active checkerwork in a refractory lined shell. In this case the 
1.905 cm (0.75 in) steel shell is lined with 0.457 m (1.5 ft) of refrac- 
tory brick insulation. The combustion chamber ard required insulation Is 
assumed to occupy 22% of the available internal cross section. On the 
heat cycle, preheated air and fuel are burned, flowing upward in the com- 
bustion chamber. The hot mixture flows out of the chamber, over the 
dome, and downward through the heat storage checkers. Although a tradi- 
tioi al single down-flow pass has been used, parallel multipass circuiting 
of the units is just as feasible as for high- temperature recuperators. 

Such optimization should be continued In Task II. 
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For the above units, the active materials are given as follows: 


Refractory brick insulation = (thickness (circumference) (height) (density) 

= (1.9)(20ii)(42 + 10) (80) = 496,622 Ib/stovc 

(A 9.2.70) 

ChcHcor brick « (Itcjght) (I roc arcii) (I - i. ) (dcus 1 1, v ) 

= (42) (177) (1 - 0.379) (200) = 923,300 Ib/stove (A 9.2.80) 
Table A 9.2.11 - Stove Regenerator Structural Materials 


Concrete (reinforced) 

Footer 18 ft id by 22 ft od bv 6 ft thick 28 vd'^ 

Slab 18 ft dia. by 1.5 ft thick 14 

Steel Plate Shell 

IT 20(42.1) + 2y(10)^ = 3272 ft^ 

3272 [ft^] 30.6 Ib/ft^ = 10^ lb 


A 9. 2. 7. 3 Stove Regenerator Operating and Maintenance Costs 

The top 10% of the checker brick will probably need to be re- 
placed each year. 

A 9.2.8 Separately Fired Air Heater Combustion Air Preheater (CAP) 

The function of the CAP is to preheat the stove combustion air 
Products of combustion from the stove at 1700°K (2600“l ) (so-- riguii' A 


are divided into two streams; one recirculates to the stove, and the 

other flows through the CAP. Heat is recovered from the products stream 

[335 kg/s 2658 x 10^ Ib/hr)] by the air stream [284 kg/s (225 x iO^ Ib/hr)] a 

counterflow recuperator (see Figure A 9.2.9) of the muffle type 

(Figure A 9.2.10). The ducts are assumed to have a heat exchange coeffi- 
2 2 

cient of 85.2 W/m (15 Btu/hr-ft -°F) on both sides. Areas are 
assumed equal, and the overall conductance per unit area, U, is given by 
the usual relation as: 


U = 



(A 9.2.81) 


U = 




1.3 



-1 


= [1/15 + 1/[(1.3)(12)] + i/15] 
= 5.07 Btu/hr-ft^-‘’F 


Log mean temperature difference is given as Equation A 9.2.82 using tem- 
peratures from Figure A 9.2.9: 


_ _ 3Q6D - 2860 - (lllQ - 520) ^ 

in .3060 - 2860 v 

^^4ll0 - 520 ^ 


= 360^F 


(A 9.2.82) 


The required surface area is given by Equation A 9.2.83: 


A 

5 


(U)(AT^^) 


(A 9.2.83) 


2.2(284)(0.2815)(2340) 3600 5. 2 

X 10 ft 
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Temperature, ®R 





Velocity (mean of products and air) is assumed to be 15.2 m/s (50 ft/s). 
Approximate tiow area is computed as: 


(300) (2.2) 781 ft“ (A 9.2.84) 

f (50) (0.0169) 

For a 7.62 by 17.78 by 5.715 cm (3 x 7 by 2.25 in) muffle brick with a 
12.7 by 5.08 cm (5 by 2 in) channel, the number of channels per stream 

is; 


N 


(781) (144) 
(5) (2) 


11,250 


(A 9,2.85) 


Tlie height is computed asi 


L ^ (0.812 X 10^)(12) ^ g ft (A 9.2.86) 

(0.01125 X 10^) (14) 


Based on the specified brick, the total area of the muffle is 


Muffle area = 2(11.250) ft^) = 3280 ft (A 9.2.87) 


For a square unit one side is 17.5 m (53.3 ft). 


A 9. 2. 8.1 CAP ScalinR 

The CAP is scaled in a manner similar to that used for other 
apparatus, such as the stoves. Unfortunately. the CAP computation above 



did not correspond to any base case or variation and had to be scaled even 
for the base case. 

A 9*2. 8. 2 CAP Materials 

For Base Case 1. Point 1, the siioerficiai flow 
area given by Equation A 9.2.18 is multiplied by 0.841 because of fuel/ 
air ratio and flow rate scaling, and the height by 0.482 to account for 
temperature and heat rate scaling* The muffle brick volume is then: 

Brick Volume = (0.84:0(0.482) (61.6) (3280) = 81,400 ft^ (A 9.2,88) 

3 3 

A superficial muffle brick density of 320 kg/m (20 Ib/ft ) is assumed 
to yield 748 Wfe (325 tons) of muffle brick. The muffle brick weight is 
summed with the SFAH checkers and must be appropriately weighted for 
cost differential, as in Table A 9.2*11. 

Table A 9.2.11 - Muffle Brick Average A-T 


Cost o£ SFAH check $436/1000 lb (Table 9-22) 

Cost of CAP Muffle Brick $233/1000 lb 

Muffle Brick Equivalent Weight 1650 (233/(436) = $880/1000 lb 


A 9. 2.8*3 CAP Insulation 

The insulation on the CAP is assumed to be on average 0*203 m 
(8 in) thick. The volume is given as: 


(|)[4(0.482)(71.6) /(0. 841) (32^)” + 3260] = 6330 ft^ 

(A 9.2.89) 

Using 400 kg/m^ (25 Ib/ft^) insulation yields a weigiit of 
71,7 Mg (79 tons) of insulation, which is also weighted by SFAH insulation 
cost* 





j 
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CAP Insulation Weight = 


158 (210)/230 - 145,000 lb 


(A 9-2.90) 


Table A 9.2.12 - CAP Structural Materials 


Reinforced Concrete Footer 

4(52.2) (5) (2) /27 = 77 yd^ 

Slab 

(1.5)(50) (50/27) = 140 yd^ 
Plate 79,000 lb 

Structural Steel 16,000 lb 


A 9.2.9 Sample Tabular Display of Data 

The following section demonstrates how the data of Appendix A 9.2 
are displayed in the tabular data of Tables 9.10 and 9.22. 

In Table 9.10, the amount in Subaccount 13.1 entitled Ceramic 
Tubing is the sum of all ceramic tubing weight in the high-^temperaturc 
recuperator , 

The product of the panel length, panel height, Che number of 
panels, and the weight per unit of heat transfer surface gives the weight 
of ceramic tube: 

Weight ceramic tube = (82) (52) (11) (13.4) = 635,000 lb (317.5 tons) 

(A 9.2.91) 

In Table 9.10, the amount in Subaccount 13 . 2^ entitled Exotic 
Metal Tubes, is sum of all material specified as RA333. Half of the 
metallic recuperator is assumed to be made from RA333 and half from 
corrosion-resisting stainless. Type 347. Headers for the RA333 arc 
refractory lined and do not enter here. Note that the metallic recuperator 


length given in Section A 9*2*6 is 129 m (423 ft)- The length undergoes 
scaling changes to 130 m (427 ft) because the diffuser heat rate scales 
product inlet temperature do\^mward♦ Tlie amount in Subaccount 13.2 is 
computed as the product of one-half the panel length, the panel width, 
number of panels, and metallic tube weight unit air of heat transfer sur- 
face. 

Weight of refractory tube = •“ (427) (52) (11) (48 .7) = 5,810,000 lb 

= 2,905 tons 

(A 9.2.92) 

In Table 9.10, the amount in Subaccount 13- 3, entitled 
Stainless Steel Tubes, includes diffuser tubes and the other half of the 
recuperator tubes [2.635 Gg(5,810,000 lb)]. 

The diffuser tubing weight is computed as: 

2 

Diffuser weight = 4(mean width) (length) (weight/ ft surface) 

= . 483,000 lb = 241.5 tons 

(A 9.2.93) 

Note that the axial length 44.8 m (147 ft) is used interchangeably with the 
linear wall dimension in this estimate and that 25.3 is the sum of the 
flange and tube weight per square foot of surface area. The total v^^eight 
of stainless steel is, therefore, 2.855 Gg (6,293,000 lb or 3146.5 tons). 

In Table 9-10, the amount in Subaccount 13 .4 ,ent i t led Tube 
Ceramic Coating, concerns the ceramic coating on the diffuser tubes. 

This is calculated as the product of the diffuser surface area and tlie 
weight per unit area of the deposited material: 

Weight of ceramic coating = 4 (147) (8.2) = 157,000 lb = 780.5 tons 

(A 9.2.94) 


REPROnr: 

original iV. 


7 or ? 
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Ill ^lablc 9*10, thfi amount in Subaccount 13 • 5^ Entitled Insu— 
l.iiion lor IU.}.etUT.itor, l!< i\n- auiit o\ rciraitory i nsii la L ion tor llio .lil- 
I obor and ri.*cupernlur , 't'lie weight of inauiation in tlit? diffuser la 
approximated by assuming a diffuser surface area of 1858 m (20,000 ft ) 
and a material weight per unit surface area of 688.8 kg/m (43 lb/ ft ). 


Diffuser insulation weight = (20,000) (43) = 860,000 lb - 430 tons 

(A 9.2.95) 

2 2 

Similarly, for an assumed recuperator area of 6968 m (75,000 ft ), the 
insulation weight would be 1*463 Gg (3,226,000 lb)* The total weight ol 
insulation would be the sum [1.853 Gg (4,086,000 lb)]. 

In Table 9.10, the amount in Subaccount 13 . 6^ entitled Struc- 
tural Steel, is the sum of diffuser and regenerator material. Structural 
steel entries in Tables A 9.2.3 of 9.07 Mg (20,000 lb) and entries in 
Table A 9.2.8 of 58.06 and 19.5 Mg (128,000 and 43,000 ib) give a sum of 
86.64 Mg (191,000 lb). 

In Table 9.10, the amount in Subaccount 1 3. 7 ^entitled Con- 
tainment Steel Regenerator, the containment steel being a i.27 cm (1/2 in) 
thick sheet, is computed as Item 13.5: 

Containment Steel Weight =(95,000 ft ) (20.4 ib/ft ) = 1,938,000 lb 

In Table 9.10, Subaccount 13.22 entitled, Concrete (Rein- 
forced), item 13.22 is the sum of diffuser and recuperator slab and 
footer material. From Tables A 9.2.3 and A 9.2.8, the quantity of rein- 
forced concrete is: 

Volume Concrete = 279 + 1624 = 1903 yd 


In Table 9*10, Subaccount 13* 20^ entitled Headers, header 
v;eights are estimated as: 

& Diffuser 48^000 lb 

e Ceramic recuperator 254,000 lb 
& Metallic recuperator 343,000 lb 

In Table 9*22, Subaccount 13*8 entitled. Checker Bricks, the 
weight of checker bricks includes checker bricks and muffle bricks* Tlic 
17.27 Gg(38,080 klb) is the sum of 0*399 Gg(880 klb) of muffle brick 
(Table A 9*2.11) and 16.99 Gg(37,200 klb) of SFAH checkers- 8FAH checkers 
are computed as the product of 9.3 x 10^ lb /unit from Kquation A 9*2. 
and 40 units. 

In Table 9*22, Subaccount 13 .9, entitled Insulation for SKAIl, 
the SFAH insulation also Includes CAP refractory brick insulation. 

Insulation Weight = (40) (A. 966 x 10^) + 145,000 = 20,145,000 11. 

In Table 9.22, Subaccount 13* 10 ^entitled Containment Steel, 

Item 13.10, SFA heater containment steel, consists of 1.814 Og (4,000,000 ll>) 
of SFAH shell and 33.6 Mg (74,000 lb) of CAP shell (’lablu A 9.2.12). 

In Table 9.22, Subaccount 13. 11, entitled Structural Steel, 

Item 13.11, consists of 0.381 Mg (840,000 lb) of SFAH structural steel and 
7.25 Mg (16,000 lb) of CAP structural steel. 
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A 9*2^10 Nomenclature 


- Area 

' Surface area, wetted, irradiated 
= Fluid energy loss coefficient 
» Constant pressure specific heat 

• Specific heat solid checker 
5 Diameter 

5 Friction factor, Darcy-Weisbach 
» Superficial mass velocity 

- Gravitation constant 

= Heat convection coefficient 

* Mass diffusion coefficient 
» Heat radiation coefficient 
» Specific enthalpy 

5 Thermal conductivity 
» Length 

» Equivalent radiation beam length. Equation A 9.2 
= Length 

- Mass flow rate 

» Square root of the thermal impedance ratio, internal conduction/ 
surface convection 

- Pressure 


= Partial pressure 





P^L - Radiation opacity term, ft-atm 
Pi = Prandtl number 

ft 

q = Heat rate 

Re = Reynolds number 

Tg = Characteristic checker thickness. Equation A 9.2.19 

5 = Length of side 

T = Absolute temperature 

= Log mean temperature difference, count erf low 
t - Thickness 

U = Combined heat exchange coefficient 

V = Velocity 

= Superficial velocity 

V “ Volume . 

Greek 

CL =: Absorbtivity 

A = Incremental change 

Ac ^ CO 2 - H 2 O radiation interaction correction 

6 = Incremental change 

c = Emissivity, void fraction 

n = Fin efficiency 

^ « Time period 

X = Nondimens ional stove size 

P = Absolute viscosity 

P = Density 

= Stephan-Boltzmann Constant, working stress 
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T = Nondimensional stove time period 

= Heat exchange effectiveness, effective 

Subscripts 
a = Air 
c Convection 

f - Fin, flow 

fl - Fouling 

g , G ^ Gas 

i Inlet, inside 

L = Length 

r = Radiation 

8 » Solid, surface 

t = Tube, thickness 

1 “ Inlet, inside 

2 = Outlet, outside. 

Superscripts 
* = Per unit length 

" = Per unit area. 
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Appendix A 9.3 
COUPLING HEAT EXCHAl^GER 

A 9.3.1 Description of the Duty of the Coupling Heat Exchanger 

The steam generator for the open-cycle MHD system transfers heat 
from potassium-seeded combustion products (the working fluid of the hflID 
cycle) to water (the working fluid of the steam bottoming cycle). I’or 
this reason, the steam generator is known as the coupling heat exchanger. 

The description which follows applies specifically to the steam 
generator for Base Case 1, and methods used to scale the design and costs 
to satisfy other base cases will be described in Section A 9.3.6. 

7 

In Base Case 1, 1449.2 kg/s (1.15 x 10 Ib/hr) of seeded com- 
bustion products enter the steam generator at 1610®K (2438"^F). This 
primary stream must leave the steam generator at 425°K (306°F) for pas- 
sage to the main seed-removal facility. This represents a heat transfer 
rate of 2166 MWt. On the secondary side, the feedwater must be raised 
from 402®K (266®F) to steam at Sll^^K (1000°F), the throttle pressure 
being 24.13 MPa (3500 psi). Additionally, the full flow of steam should 
be reheated within the steam generator from 664*’K (735®F) to 811^K 
(1000®F) at 7.584 MPa (1100 psi). Within these constraints the steam 
flow is 693 kg/s (5.5 X 10^ Ib/hr). 

A 9.3.2 Special Consideration Affecting the Layout and Nature 
of the Heat Transfer Surface 

The inlet and exit temperatures of the seeded combustion pro- 
duct flow bracket the fusion temperature of potassium sulfate [1342°K 
(1955°F) which is the principal chemical species carrying the potassium 
seed at this point in the cycle. This means that unless special design 
measures are taken, the steam tubes, operating with a maximum external 


\ 

i 
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wall temperature of 921 (1200®F), will act as a cold trap for the 
potassium sulfate. 

As potassium sulfate builds up on the tubes, the solid deposit 
layer provides a rising heat transfer impedance between the deposit-gas 
interface and the tube wall. Coiraaensurate with this is a rising deposit- 
gas interface temperature. Providing the gas temperature is above the 
potassium sulfate fusion temperature, an equilibrium thickness of deposit 
would exist at which the deposit-gas interface temperature reached the 
fusion temperature. Ideally, then, further deposition would be in liquid 
form and could be drained off. If, however, the gas temperature were 
below the potassium sulfate fusion temperature, soft solid particles of 
potassium sulfate would be precipitated on the tube walls and in the gas 
stream. Those formed in the gas stream would eventually stick to the 
already encrusted tubes. Without the ability to drain off there would 
exist no equilibrium deposit thickness, resulting in severe impedance to 
flow and, in some areas, total blockage. 

An attendant problem to that cited above is that liquid potas- 
sium sulfate is highly corrosive to any steels which might be considered 
for use in steam generator tubes. Hard solid particles would be a great 
deal less corrosive. 

These considerations lead to the following three design axioms: 

a. Wherever the seeded combustion products exist at tem- 
peratures above the potassium sulfate fusion tempera- 
ture, the tubes should be coated with a high- 
temperature ceramic to protect them from severe 
corrosion. 

b. Any bare tube surface should see only fully solidi- 
fied particles of potassium sulfate. These could be 
removed from the tube surface, should they deposit, 
by conveiitional soot-blowing procedures. 


c. There should be no region of the steam generator 
which is populated by steam tubes, ceramic coated 
or bare, wherein the gas temperature is at or very 
close to the potassium sulfate fusion temperature - 

Axioms (b) and (c) together connote the existence of an open 
ductlike section of the steam generator in which the potassium sulfate is 
quenched into relatively hard solid particles by the addition of cool 
air. This quenching duct should be long enough, considering the gas 
velocity pertaining, to ensure complete solidification before the next 
tube section is encountered. 


Experience in the Soviet Union and the United Kingdom has sliown 
that when water at modestly critical pressures, 24.235 MPa (3515 psi) abs , 
flows downward in a tube and passes through the pseudoc rit i cal tempera- 
ture idefined as T at which (~) is maximized], a severe temperature 

d i p 

peaking of the tube wall might be experienced, providing the heat flux is 
high enough. This phenomenon is presumed to be caused by a radial dis- 
tribution of density which gives rise to a bouyancy force distribution of 
the same magnitude as the shear force distribution- The net shear stress 
distribution, thus, might be drastically changed, with the effect that 
turoulent diffusivity, and consequently heat transfer coefficient, is 
drastically reduced. The problem does not exist in upflow or in horizon- 
tal flow because in these situations the bouyancy and sliear force fields 
are not counteracting. A multistart tube bank, such as is conceived for 
use in the evaporator bank of the steam generator described here, wt»uld 
be composed mainly of horizontal tubing. There would be vertical suc- 
tions, however, with 1/6 of Che order of 10. Conditions in these verti- 
cal sections are, in all likelihood, within the region where tiiere exists 
a reasonable probability of tube wall temperature peaking in the downflow 
situation. The following fourth design axiom, tfierefore, is laid down. 


d. In a section of the steam generator tube banks v/Iiere 
the water passes through the pseudocrit ica 1 tempera- 
ture, the net flow vector should be upward not down- 
ward. 


RKPKr^*' 
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A 9.3.3 Teniperature Approach Considerations 

The relatively low combustion product exit temperature of 425 K 
(306°F) dictates that the feedwater should enter the steam generator 
where the gas exits. 

One layout option had the evaporator section continuously run- 
ning counterflow to the combustion products from the feedwater condition 
all the way to the exit superheat condition and the reheater bank being 
matched to the hottest gas conditions. Axiom (a), however, requires that 
until the gas temperature is reduced to some level just above the potas- 
sium sulfate fusion temperature, the tubes must be ceramic coated. The 
reheat load is not sufficient to bring the gas temperature down to this 
level, and we would not wish to quench the gas to below the potassium 
sulfate fusion temperature from a level higher than necessary; a portion 
of the main evaporator section, therefore, would be used in the prequench 
section and would require coating. There seemed to be a significant 
advantage from the aspect of simpler headering if only one tube bank 
were used in the prequench section. Accordingly, the reheat section is 
not used here; instead, about 25% of the main evaporator section is used 
to lower the combustion products from the inlet temperature of 1610®K 
(?438°F) to a prequench temperature of 1340°K (1952®F). This section is 
known as the finish superheat section. The reheater is then located 
postquench along with the first 75% of the main evaporator and is of bare 
tube construction. 

It is important to note that the temperature of the main evapo- 
rating water stream as it crosses over from the postquenched gas stream 
to the prequenched gas stream is above the pseudocritical temperature. 
This means that, adhering to design axiom (d) , water flow in the first 
75% of the main evaporator (bare tube section) should be net upflow. The 
flow in the finish superheat section can be downward if required. 

Figure A 9.3.1 illustrates a steam generator layout which satisfies the 
constraints imposed by our four design axioms and temperature approach 
requirements. Figure A 9.3.2 is a temperature approach diagram. 


Dwg. o j3A90 


Seed Solidification (Quench/ Section 

I ® , 

Reheat 5, 5 xlO°lb/hret 1000°F 


rinish Superheat 


Section (Ceramic coated) 


Superheat 5. 5 x lO^lb/h 
1000«F 3500psig 


Gas fromMHD 

|7 th/'Sr 'ft 


1. 15 X 10' Ib/hr 2438°F "1 



Quench Air 0. 108 x io7 |b/hr at 59°F 


1200 psig 


Cold Reheat 735*T at 1300 psig 
^ -0 


IViain Evaporator Section 


Feedwater 5. 5 x 10^ Ib/hr at 266°F 

3800 p 


1. 258 X 10^ Ib/hr at 306°F 


K 2 SO 4 Liquid K 2 SO 4 Solid 


Fig. A 9. 3. 1- Steam generator schematic 











A 9.3#4 Description of the Finish Superheat Section and 

Procedures Used to Determine the Mean Heat Transfer 
Coefficient 

With the layout of heat transfer surface shown in Figure A 9.3,i 
in mind, and considering that we wish to minimize header piping, it is 
advantageous to run the stream dovmward countercurrent with the combus- 
tion products in the finish superheat section. 

Since this region exists before the quenching of potassium sul- 
fate into solid form, it is clear that the liquid phase will impact and 
trap out on the heat transfer surface. This surface, therefore, must be 
a high- temperature ceramic such as a chrome-bonded alumina. 


Preliminary estimates of the overall heat transfer situation 
indicated that the ceramic wall would exist at a temperature below the 
solidification temperature of potassium sulfate. Thus, a layer of solid 
potassium sulfate would build up on the ceramic and would reach an equi- 
librium thickness at which the interface with the gas stream reaches the 
fusion temperature. Further deposition of potassium sulfate would run 
off and could be collected. For this reason it was decided that the heat 
transfer surface should be in the form of vertically hung walls. Each 
wall would be essentially a slab of ceramic encasing a row of vertically 


hung steam tubes as per Figure A 9.3.3. 



Tube Diameter 
Tube Pitch 
Overall Wall 
Thickness 


Figure 9.1.3 - Section of finish superheat surface. 


2 in 
5 in 

4in 
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The determination of the heat transfer rate in the finish 
superheat section is simplified by the fact that one surface, namely the 
potassium sulfate slag-combustion product gas interface, is at a known- 
fixed temperature. This temperature, the potassium sulfate melting 
point, Tmp, is 1342°K (1955“F) . We have then: 

q, Btu/hr-ft^ = h (f - T ) (A 9.3.1) 

In Equation A 9.3.1, h is the sum of radiative and convective 
components of heat transfer from the gas at its mean temperature over the 
section (T ) to the molten wall. 


Btu/hr-ft 


= h , + h 

rad conv 


(A 9.3.2) 


We shall examine these components separately starting with 

^rad’ 

The method used to evaluate classical one for radi*“ 

ation from a nonluminescent gas. This is presented in a number of tests 
including Siegal and Howell^ and McAdams (Reference 9.25). 


Btu 

hr-ft2-°F 


fife (f + 460)^ - a (T „ + 460)^ 

i g g ginp mp j 


T - T 
g mp 


(A 9.3.3) 


where e Is the effective emissivity of the gas at T and is the sum of 

g s 

the positive contributions of the water vapor, the carbon dioxide, and 

the carbon monoxide, and a negative contribution due to the overlap of 

the water vapor and carbon dioxide emission bands. 


e 

g 




CO 






g 

(A 9.3.4) 
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In Equation A 9-3*4, ec02» ^H20> ^CO determined by 
reading, for example. Figures 4.14, 4.15, and 4.22 of McAdams. These 
figures present e as a function of with the product of partial pres- 
sure and effective radiation path length as a parameter. The partial 
pressures are, of course, known and depend upon the choice of coal. For 
Base Case 1, the partial pressures were 15.7, 8.61, and 2.229 kPa (0.155, 
0-085, and 0.022 atm) for carbon dioxide, water vapor, and carbon monox- 
ide, respectively. 

The radiation path length is given by: 


_ (4) (Cross-Sectional Area) 
Perimeter 


(A 9.3.5) 


For a gas enclosed betv;een infinite parallel plates (the situa- 
tion in the finish superheat section) Equation A 9.3.5 becomes 

L == (2) (Plate Separation) (A 9.3.6) 

Following an iterative form of calculation, 1.219 m (4 ft) was 
selected as the v/all separation: therefore, 

L = 2.438 m (8 ft) (A 9.3.7) 


In Equation A 9.3.4, ^K20* ^CO factors for use 

whenever the total pressure is substantially different from 101.3 kPn 
(1 atm) and, as such, are not used here. 


Ae'j* in Equation A 9.3.4, can be obtained from Figure 4.17 of 
8 

McAdams (Reference 9.25). This figure plots Ac against Ph 2 o/^^H 20 ^C02^ 

with b(P ^20 ^ ^C 02 ^ ^ parameter. 

The result of these calculations was to give, for Base Case 1, 


e == 0.275 
g 


(A 9.3.8) 
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Again, in the equation for radiation heat transfer coefficient 
(Equation A 9.3.3) 


gmp 


CO, ,mp 




°C0 ,mp ^*^mp 


(A 9.3.9) 


where 


CO^jmp 




T + 460 

_£ 

T + 460 
mp 


0.65 


(A 9.3.10) 


and 


“H20,mp 




fT + 460 ' 

_g 

T + 460 

I mp 


0.65 


(A 9.3.11) 


and 


“cO ,rap 



f + 460 

p 

T + 460 
, mp 


0.65 


(A 9.3.12) 


In Equations A 9.3.10 through A 9.3.12, a_is determined as de 
scribed above, except that is used rather than when using the 

figures . Likev;ise , 


Aa 


mp 



(A 9.3.13) 


and this is found using Figure 4.17 of McAdams (Reference 9.25) aa before 
The result of these calculations is to give, for Base Case 1. 

a = 0.296 9.3.14) 

g.mp 


\ 
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For Base Case 1, the arithmetic mean gas temperature over the 

finish superheat section, is 1478®K (2200‘*F) and, as previously 

stated, the potassium sulfate fusion temperature is 1341°K (1955 F) , 

(T )- Using these values in Equation A 9. 3-3 along with those for 

and a stated above, we obtain 
gmp 


h 122.4 W/m 

rad 


21.56 


Btu 

hr-ft^-“F 


(A 9.3.15) 


In the convection heat transfer coefficient the correlation 
used is that of Dittos and Boelter (Reference 9.25). 


h 


conv 


0.023 K 

S. 

d 

e 


V p d 


0.8 


Pr 


0.4 


(A 9.3.16) 


In the above equation the combustion product gas properties are 
evaluated at the average bulk temperature for the section, namely, T^. 

The hydraulic equivalent diameter (d^) is given by twice the wall separa- 
tion, in other words, 2.438 m (8 ft). 

Iterative calculations involving heat transfer and pressure 
drop and taking account of the desired general layout of the steam gene- 
rator showed that the bulk gas velocity should be around 30.48 m/s 
(100 ft/s). With a total gas mass flow rate of 1449 kg/s (1.15 x 10 lb/ 
hr) eight between-wall passages 1.219 m (4 ft) wide by 18,288 m (60 ft) 
deep provide sufficient flow area. The resulting convection heat tr.ins- 
fer coefficient is: 


h = 20.89 W/m^'K (3.68 Btu/hr-f t^-*F) (A 9.3.17) 

conv 


REPPvO,- 
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Adding the radiation heat transfer coefficient, we obtain: 

h = h , +h =143.29 W/m^°K (25.24 Btu/hr-f t^-°F) (A 9.3.18) 
rad conv 

The heat to be transferred in this section is; 

6, = 516 MWt (1.761 X 10^ Btu/hr) (A 9-3.19) 

and the average temperature gradient across which heat is transferred is: 


AT 


fs 


T 

Z 


- T 

mp 


(A 9.3-20) 


AT^ = 2200 - 1955 - 245°F 
fs 


(A 9.3.21) 


The wall surface area provided in the first superheat section 
is accordingly: 


AT 


^fs 


fs fs 


(A 9.3.22) 


= = 2.646 X 10^ (2.848 x 10^ ft^) 


245 25.24 


(A 9.3.23) 


Commensurate with eight Interwall flow channels each 18.29 nt 
(60 ft) deep, the height of the walls is given by Equations A 9.3.24 and 
A 9.3.25. 


A 

s 

(8)(2)(bU) 


(A 9.3.24) 
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Main Steam Header 


Steam Cross Header 
Steam Pipe (Vertical) 
Ceramic Coating 
Melt Collection Groves 


Main Steam Header 


Melt Collection Channels 
Coated Refractory Metal 


Melt Collection Header 
Coated Refractory Metal 
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A 9.3.5 Description of the Main Evaporator and Reheat Sections 
and Procedures Used to Determine the Mean Heat Transfer 
Coefficients 

In both the main evaporator and reheat sections the water or 
steam (whichever is applicable) climbs through serpentine tube banks in 
net counterflow to the combustion product gas which, following solidifi- 
cation of the potassium sulfate by cold air injection, is moving verti- 
cally downward. See Figure A 9.3.1. 

Most of the tube surface is in cross flow, and the situation is 
illustrated by Figure A 9.3.5. 



Figure A 9.3.5 - Detailed flow situation for evaporator 
and reheater. 


The overall temperature difference between the gas and the 
steam is given by: 


T 

g 


- T 

s 


(T - T ) + (T 
g wo wo 


T ,) + 
wi 


(T . - T ) 
wi s 


(A 9.3.26) 
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au = a_ 
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a_ 
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s 


(A 9.3.27) 


h 
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0 + ° .... 

h d d, 

W m si 


(A 9.3.28) 


where d , d^, and d^ are the tube wall outside, inside, and mean area 
per unit length of the tube. 

For the heat transfer coefficient from the combustion product 
gas to the outer tube wall in cross flow, the following correlation i.s 
applicable : 


h 

g 


0.33 



a 

> 

ISl 

max g o 

d 


o 

s 


0.6 


Pr 


0.3 


(A 9.3.29) 


V is maximum velocity attained by the gas as it flows be- 
tween the tubes. If the total mass flow rate of gas Is and each tube 
row contains N tubes of length i feet, the expression for maximum velocity 
for a tube pitch, P, is 


V 

max 


_m 

“ N(P - d )(A)(p„) 
o g 


(A 9.3.30) 


in both evaporator and reheater banks. 

For Base Case 1, each tube row contains 180 tubes on 10.16 cm 

(4 in) pitch, 5.08 cm (2 in) diameter. The length of each tube is 19.81 m 

(65 ft). With a total gas mass flow rate of 1585 kg/s (1.258 x 10 Ib/hr) 

the expression for V becomes: 

^ max 


V 

max 


1.796 


ft/s 


(A 9.3.31) 





is in Ib/ft^. 


')-2A2 


Table A 9.3.1 illustrates boM oee might proceed Iron 
gguatioe A 9.3.31 to deduce the re,uir«. number o£ tube roue in the 
evaporator and reheat banhs. Tbl. table also illustrates bow banks 

™,st be circuited in order to comply ultb steam-side pressure drop 
stants. Tinally, « sbous that the overall gas-side pressure drop 
not eaceed 10.13 bPa (0.1 atm). The other equation elements of 
Table A 9.3.1 are the steam-side heat transfer coefficient and the steam- 

and gas-side pressure drop. 

For a complete review of the equations which have bean proposal 
to deal with forced convective heat transfer to fluids above, but fair y 
close to. the critical pressure see Reference 9.36. Primarily because 1 
gives the most con.servat Ive prediction, this writer prefers to use 
correlation of Kutateladze and Leontiev which can be stated. 


0.8 „ 0.4 

Nu « 0.023 Re Pr 
m ro *" 


IPJ 


0.5 


+ 1 


(A 9.3.32) 


Subscript m indicates that the fluid properties ere to be 
evaluated at a temperature which is the arithmetic moan of the hu h u d 
and the wall temperatures. Subscript . indicates evaluation at 

temperature. 

For Base Case 1. the gas-side heat transfer is limiting, and 
the temperature difference between the bulk steam and the wall is 3 ust a 
eew degrees. It is not necessary, therefore, to make an. Hstrnctron oe- 
tween wall conditions and conditions at some average between the wa 
the bulk. The Kutateladze-Leontiev equation (Equation A 9.3.32 t len re 
duces to the more familiar Dittus-Boelter equation: 


h Btu/hr-ft = 0.023 

s 


fk 1 


r ' 

G dj^ 

d 


"*Tj 

i 


5 

1 J 




0.8 


Pr (A 9.3.33) 


9* 2a j 


T 


“T 


where G is the mass velocity. 


G, Ib/hr-ft^ 


4 m 


7T d. 


circ 


(A 9-3,34) 


% 

In Equation A 9,3.34 Is the total mass flow rate of stam or 

water in pounds per hour, and is the number of parallel circuits. 

The inside tube diameter d. is in feet. 

1 

The equation used for the combustion product gas in cross I low 
over tubes is that recommended by the Heat Transfer Researcli Institute 
(HTRI) (Reference 9.37). 


0.334 f g/ 

Ap, psi/tube row “ -r ^ (A 9.3.33) 

10^^ p 

6 


In Equation A 9-3-35, 


G 

g 


is the gas mass velocity given by: 


G , Ib/hr-ft 

s 


12 m 


N(P - d ) Z 
o 


(A 9.3.36) 


where is the total gas mass flow in pounds per liour, N is the number 
of tubes per row, I is the tube length in feet, and P and d^ are the tube 
pitcli and outside diameter, respectively, in inches. 


The friction factor, f, in Equation A 9.3.35 is a 1 uiu t ion of 
the tube arrangement, and Section C.2.1 of the HTRI design manual present 
curves of f against Reynolds number for several tube patterns. For the 
tube arrangement selected for Base Case 1, the HTRI curve has been fitted 
using Equation A 9.3.37. 
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2 

f = 1.355805 - 1.068654 log(Re) + 0.348888 [log(Re)} 

- 0.05109131 [log(Re)]^ + 0,002781413 [log{Re.)]^ (A 9.3.37) 
In Equation A 9.3.37 Re is given by: 

G d 

== _ S (A 9.3.38) 

12 u„ 
g 

For the flow of water or steam through smooth tubes, the equa- 
tion used to determine the pressure drop for a length, i, of pipe is 
based upon the following familiar expression whidi assumes a consistent 

sot ot nil its: 


^ ^ y_ (A 9.3.39) 

Pg 2g d^ 


where 


4 tn 


V == 


p IT d , N . 

1 circ 


(A 9.3.40) 


Equation A 9.3.40 again assumes a consistent set of units. 

\Vhen it is required to use the mass flow rate (m^) in Ib/hr, ^ 
the density (p^) in Ib/ft^, the acceleration due to gravity (g) in ft/s 
and the tube inside diameter (d^) in inches. Equations A 9.3.39 and 
A 9.3.40 may be combined to give; 


5 • 2 
(64) 12"^ f t m 


(144) (32. 2) (3600^) (ti^) d^^ 


(A 9.3.41) 
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Depending upon the Reynolds number » f is obtained from one of 
the following equations which assume normal tube roughness ; 


If Re < 10 


4 


0.4517 

„ 0.2939 

Re 


(A 9.3.42) 


if 10^ < Re < 2 X 10^ 


0.3757 

„ 0.2709 
Re 


(A 9.3.43) 


if 2 X 10^ < Re < 5 X 10^ 


f = 


0.02909 


(A 9.3.4A) 


if 5 X 10^ - Re 


0.0159 


(A <J.3.A5) 


In Equations A 9.3.42 through A 9.3.45 Re is given by: 


Re 


G d. 
1 


(A 9.3.46) 


or using 


and the units as 


indicated previously 


Re 


48 


TT d N . M 
i c i rc s 


(A 9.3.47) 
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The equation for gas-side and steam-side heat transfer and 
pressure drop stated earlier form the basis of a computer program in 
which the heat transfer coefficient for the tube wall, referred to the 
outside diameter, is: 


h 

w 


( 12 ) ( 2 ) 


IT d 


o 



(A 9.3.48) 


Table A 9.3.1 indicates the route taken by the computer program 
in using the previous equations to define the main evaporator and reheat 
sections. 

A 9 3.6 Costing of the Stea m Generator for Base Case 1 and^ 
Mi^tWused for "scaling Cost to Suit Other Design 
Conditions 

This section is concerned with two topics: 

e The determination of the capital cost of Che steam 
generator for Base Case 1 

• The formulation of a method for determining the 

capital cost of similar steam generators using Base 
Case 1 as a base. 

For costing purposes the steam generator is referred i.o as 
Account 12. Ten major steam generator components have been identifiea 
and have been given subaccount numbers 12.1 through 12,10. The summation 
of these ten component costs forms the overall steam generator cost 
except that a 20% contingency is added to account for uncertainties. For 
purposes of reporting, these ten subaccounts were regrouped into three 
subaccounts . 

The firsts Subaccount 12. i, includes all Items given In 
Category A in Table A 9.3.2 and in general refers to Lhe superheater; the 
second, Subaccount 12.2, refers to the reheater and balance of boiler and 
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Dwg. 6362A50 

TABLE A 9.3.2- COST BREAKDOWN FOR OPEN-CYCLE MHD STREAM GENERATOR FOR BASE CASE 1 


Sub account 
number 

Catagory 
( See Note) 

Description 
of Item 

Weight, lb 

$/lb Material 

$/lb Labor 

$/ lb Total 

Cost of Item $ 

11.1 

A 

Superheater tubes 
and headers (304SS) 

3x10^ 

2.32 

3.92 

6.24 

1,880,000 

11.2 

C 

Reheater tubes 
and headers (T22) 

7.5x1q5 

1.62 

0.60 

^22 

1,665,000 

11.3 

B 

Economizer and evaporator 
tubes and headers (T22) 

12. 5 X# 

1.62 

0.87 

2.49 

31,120,000 

11.4 

C 

Supplementary air 
injection 





1,600,000 

11.5 

A 

Superheat tube 
ceramic coating 

7.1x10^ 

0.32 

0.15 

0.5 

355,000 

11.6 

C 

Structural steel 
11.6 a) Structure 
11. 6 b) Liner 
11.6 c) Siding 

14.7 X# 

0.28 

0.1 

0.38 

5,580.000 

11.7 

c 

Insulation 

5x# 

0.16 

0.13 

0. 29 

1,450,000 

11.8 

c 

Soot Blowers 





2,500,000 

11.9 

c 

Ash Hopper 





1,000,000 

11. 10 

A 

K 2 S 0 ^ handling 




1 

2,000,000 

Totals Less Contingency 

33. 86 X # lb 



$ 49.150; 000 

Contingency 20% 

6.77 x-W lb (accounts 
for 11.4, 11.8, 11.9) 

$ 9.830,000 

Grand Totals 

40. 63 X# lb 

$58,980,000 


Grand Totals 


$58,980,000 



includes all items in Category C (This subaccount is mislabeled; it does 
not include the evaporator surface); the third. Subaccount 12.3, is mis- 
labeled and includes all evaporator and economizer surface (Category B) . 

Table A 9.3.2 lists the subaccount components, along »«»ith thei r 
estimated weights where possible, and the estimated material and instal- 
lation costs on a per pound or per foot of tube basis. Two items the 
supplementary air injection blowers and the soot blowers were costed on 
the basis of existing 1972 estimates for similar air moving equipment. 

These costs were prorated for capacity and were subjected to a 7.5/i per 
year escalation for the period 1972 to 1974. For the ash hopper a lump 
figure was arrived at following consultations with the architect engineers, 
Chas- T. Main, Inc. For the potassium sulfate handling system a lump 
figure was used following consultations with Westinghouse engineers know- 
ledgable in the field of seed removal and handling. 

Category designations A, B, and C in Table A 9.3.2 are used in 
order that the overall steam generator cost for Base Case i can be broken 
do\m into three categories for purposes of extrapolating this base case 
cost to other designs. 

The split between the heat output of the finish superheat se<- 
tion and the main evaporator section of the primary steam circuit is a 
function of the inlet gas temperature. Since the nature of the two sec- 
tions is different, the cost of a particular case is dependent upon this 
split. The absolute cost of the primary steam circuit, as opposed to the 
division of cost between its components, is a function also of the mass 
flow rate of the gas. 

The reheat steam circuit is a function only of the mass flow 
rate of the gas, since the seed solidification requirements dictate that 
the inlet gas temperature co this section is always the same. 

Using inputed gas mass flow rates and tetaperatures pertinent to 
ouch case, the system computer program calciiiates the (leaL outputs ut I he 
various sections for the case in question. Suppose the superlieaLer (Mitpiil 
of a particular case is determined and is called The superheat 



output of Base Case 1 upon which all costs are based we know to be 
516 MlJt. The cost of the superheat section of the new case in question 
would then be given by Equation A 9. 3, 49* 


Cost of Superheater, $ = (!• 2) (Superheater Cost Base Case 1) 




1516 


Cost of Superheater, $ = (1,2) (Cost of Items Designated A) 


MW 


\ 0.88 


SH 


516 


Cost of Superheater, $ = (1. 2) (4.240 x 10 ) 


f ^ 0 . 88 

SH 


516 


(A 9.3.49) 


Similarly, if the output of the main evaporator section for a 
particular case is called MWe, and the output of the main evaporator sec- 
tion for Base Case 1 is known to be 1377 MVJt, the Equation A 9.3.50 ap- 
plies . 


Cost of Evaporator, $ - 


0.88 


(1,2) (Evaporator Cost Base Case 


1 ) 


MWe 

1377 


Cost of Evaporator, $ - 


^ 0.88 


(1.2) (Cost of Items Designated 


B) 


me 

1377 


Cost of Evaporator, $ = 


0.88 


(1.2) (31.15 X 10^) 


MWe 

1377 


(A 9.3. “^O) 


Likewise, if the total output of a particular case is called 
M^4t and the output of Base Case 1 is known to be 2166 MtJt, then 




Equation A 9,3.51 applies. Note that the reheater section is included 
here since its output is tied only to the total output. 


Cost of Balance of SG 
Including Reheat^ $ 


■^ 0.88 


( 1 - 2 ) 


(Cost of Balance of SG Including 
Reheat Section for Base Case 1) 


2166 


Cost of Balance of SG 
Including Reheat, $ 


>i0.88 


(1.2) (Cost of Items Designated 


C) 


2166 


Cost of Balance of SG 
Including Reheat, $ 


0.88 


= (1. 2X13.762 X 10^) 


MWt 

2166 


(A 9.3.51) 


Combining Equations A 9.3.49, A 9.3.50, and A 9.3.51, we obtain 
an equation for the total cost of any particular case. 


CusL ol l^arLlculur _ 
Parametric Point, $ 


( 1 - 2 ) 




o 

CO 

CO 




+ 31.15 X 10^ 

M\^t _ 

4.240 X 10 

516 

1377 

L 

. J 



0.88 


+ 13.762 X 10^ 


1 

0.88’ 

mvt 


2166 





(A 9.3.52) 


For each particular case, or parametric point, the division of 
cost between material and labor, is assumed to be the same as for Base 
Case 1. 
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Appendix A 9*4 

CYCLONE COMBUSTORS FOR MHD APPLICATION 


A 9-4.1 Cyclone Combustor Design 

The cyclone combustor was chosen as the best system for coal 
and as the system most easily adaptable to MHD. Although the cyclone 
furnace is generally run at atmospheric pressure, there are no ohsLaclt»s 
to conversion for high pressures. 

The combustor scheme has been patterned after those presently 
in use and based on the development work of British Coal Utilization 
Research Association (BCURA) and the U.S. Bureau of Mines (USBM). A 
sketch of the two-stage combustor is shown in Figure A 9.4.1. Preheated 
air will be supplied to the combustor and broken into three gas streams — 
the primary and secondary flow in the first stage, and the second-stage 
flow. The primary zone of the combustor will operate at an air equivalence 
ratio of 0-65. 

Two methods of operating the multistaged cyclone furnaces tti 
limit peak temperature have been considered. They are to use either a 
rich or a lean mixture in the first-stage cyclone. Although both methods 
limit the peak temperature in the first scage, operating the first stage 
fuel rich seems more advantageous. This method introduces all of the ash- 
bearing fuel in the low-temperature region, which promotes ash rejection 
and also simplifies the second stage, since only air must be introduced. 

The difficulties with this method are that the possibility exists of corrosive 
molten iron formation in the slag and of a combustion inefficiency duo to 
free carbon formation. 

The first method, running the first stage fuel rich, was selected 
because it offered the simplest system in design and operation. By operating 
fuel rich, all of the lui*l can be injected into the first stage with uoly ..it 








being injected in downstream stages to reach the design operating temperature. 
This simplifies the process of fuel handling and distribution In the 
combustion systems. An air equivalence ratio of 0.65 was chosen because it 
is the lowest at which the iron in the slag remains oxidized as ferrous 
oxide (Fc 202) ♦ and iron attack. Is eliminated. The air will enter the first 

stage in two streams designated primary and secondary airflows. The primarv 

airflow will enter the combustor at an approximate velocity of 4.572 m/s 

(15 ft/s) along a secant (to avoid erosive action) and will act as a 

carrier for the pulverized fuel. The secondary airflow enters the 

combustor tangential to the inside wall at approximately 100 m/s (328 ft/s) 

and protects the wall from the erosive fuel particles while oxidizing the 

combustible portion of the fuel. When the air blanket has broken down, 

combustion is near completion and the ash portion of the fuel is In the 

liquid and vapor phase. Slag depostlon on the water«*cooled vails results 

in a frozen slag layer which provides the necessary thermal protection. 

The slag layer will reach an equilibrium thickness, and subsequent slag 

deposits will remain in the liquid vapor phase and run down the vertical 

combustor walls to the slag tap located at the bottom of the combustor 

cone. The temperature is maintained at the optimum valite to afford a 

2 

high enough slag viscosity I>0.25 Ns/m (250 cp)l to afford sufficient 
runoff and yet vaporize as little slag as possible. Rejection rates as 
high as 93% are anticipated. At the combustor operating temperatures, 
all slag that is vaporized in the first stage is carried through the 
second stage, mixer, and duct in the vapor state. In the second stage, 

30% of stoichiometric air Is swirled tangentially to bring the air equiva- 
lence ratio to 0.95. In this manner a high fraction of the heating value 
of the fuel is utilized, but there Is no free oxygen to form NO^, which 
is a predominant pollutant at MRD operating temperatures. Ten percent 
more air is introduced to complete combustion and to utilize the entire 
heating value of the fuel at a point in the system where temperatures are 
not high enough to form objectionable amounts of NO^. 

The heat loss in the combustors will be taken as 5%. This heat 
Is transferred to the steam plant feedwater so that *'ome energy conversion 
occurs. Present literature indicates heat losses in the 5-to-*10% range 
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h.iSLMl on .amosnhoric combius t i cm ♦ The heat relase in cyclone combustors 
is tlircrtiv prui>orLional to the pressure in atmosplioros , and, therefore, 
an increase in pressure to ^flU) conditions will result in a substantial 
increase in heat release. The beat losses are not expected to increase 
v;il!i pressure, however, because the emissivity of the gases is close to 
iinUv .a a Lmo spheric conditions. Even considering the somev/hat higher 
opcMMling tertperat'iros than those of conventional cyclone combustors, it 
w.is felt an estimate of 5.' iieat ln<vs was conservative. 

The second stages and mixer are not water cooled, and no heat, 
therefore, is transferred to the steam plant. The heat loss in the second 
stage and mixer x^as chosen to be 0.2% because it was low enough not to 
affect the overall plant efficiency substantially and yet was relatively 
easy to obtain with a satisfactory amount of insulation. The required 
insulating brick thickness was determined for this heat flux by using 
manufacturers data on the thermal conductivity of brick presently available 
and by limiting the interface temperatures to levels that would prevent 
reactions. The brick chosen for the hot face was high-density zirconia be- 
cause of its high operating temperature and excell*^nt erosive characteris- 
tics. A more porous, less expensive zirconia brick is available, but it 
has poorer erosive characteristics. Magnesia brick is used behind the 
zirconia. The magnesia has a high thermal conductivity but provides the 
high-temperature, high-density requirements necessary in case of failure 
of the zirconia brick. The zirconia-magnesia interface is limited to 
1811 (2800'^F). Several insulating bricks are available for the outside 

layer of insulation. Because of the high thermal conductivity of magnesium 
oxide, an insulating brick capable of operating up to 1811°K (2800“F) way 
chosen to minimize the required temperature drop across the magnesia. To 
obtain a standard shape and to provide a safe thickness of backup material 
for the zirconia, however, a standard magnesium oxide brick (24 by 5.08 by 
22.85 cm (9-1/2 by 2-1/2 by 9 in)] was chosen. This results in the follow- 
ing brick thicknesses for a gas stream temperature of 2700^K (4400^F): 

Dense zirconia 6.99 cm 2.75 in 

Magnesia 6.33 cm 2.50 in 

Insulating brick 4.45 cm 1./5 in 

RPPRnr,: ; ' ‘ . Y op the 

ORKii^A:. . . 1: 
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It was arbltarlly decided that four combustor modules would be used. 
The combustors would be arranged so that they are joined on a mixer direct Iv 
opposing another combustor. In this manner, the swirling flow used to in- 
crease combustion intensity in the combustors would be damped, and axial 
flow would be assured in the mixer and duct- The seed material would be 
injected in the mixer and would assume a uniform concentration before 
entering the MHD duct. 

No combustion system (whether it be one-, two-, or lliree-stagc) 
will be lined with a ceramic material when it is operating on a solid fuel 
containing ash because of the unavailability of a material that can with- 
stand the severe corrosion problems encountered with the ash. The iretal 
combustor walls will rely on the frozen slag layer for protection from the 
corrosive atmosphere and slag. When the combustor is operating on a clc.in 
fuel (coal gas), however, the wall will be protected by a silicon carbide 

liner. 


Although a slagging-type combustor is not needed for the Base 
Case 3 points, a vortex-type combustor design will still be used because 
of its advantages of simplicity of design and ease of operation at high 
temperatures. The design can be simplified to have the following configura- 
tion for gas operation . 


Si C Liner 


Water 

Cooled 

Walls-^ 


Swirl 

Air 



Fuel Gas 


Figure A 9.4.2 - Base Case 3 single-stage combustor section 
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Here, a swirling combustion airflow will protect the ceramic wall from 
direct contact with the hot combustion products and* thus, allow a less 
costly refractory for insulation (silicon carbide)* Tiie combustors will 
be opposing, mounted horizontally, and fired into tlie mixer in the same 
manner as when operating on coal. The only significant design differ- 
ences between operating on coal or char and on gas is the absence of ash 
which is corrosive and erosive. 

A 9.4.2 Combustor and Mixer Costing 

Costs were found for the combustors and mixers using manufac- 
turers data and installation costs from the A/E. A multiplier of 0.85 
w s used in costing the zirconia brick because a 15% discount was to be 
applied to large orders- Silicon carbide v^as used in Base Case 3 becaus 
of the absence of corrosive slag. The densities and costs of the ceram- 
ics used are shown in Table A 9.4.1. 

Table A 9.4.1 - Densities and Costs of Ceramics 



Density 

(lb/ft3> 

1 Cost 

1 ($/ft3) 

Dense Zirconia 

250 

826.20 

Lightweight Zirconia 

155 

642.60 

Magnesia 

179 

23.38 

Insulating Brick 

48 

7.65 

Silicon Carbide 

195 

273. on 


^Lightweight zirconia was included for future 
reference even though it was not included in the 
present design. 


The Installation cost of the bricks was supplied by the A/K a.s 
($150/1000 lb) regardless of brick size and weig,ht. 


Ste^l requirements were found by using wall thickness of 
3.17 cm (1.25 in) and a density of 7865 kg/m^ (A91 Ib/ft^. Structural 
steel requirements are 0.30 kg of structural steel/kg of load. Installa- 
tion cost of steel was $331/Mg ($150/1000 lb). 
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A HIGH-TEMPERATURE HIGH- FLOW JET PUMP FOR APPLICATION 
TO A MHD TOPPING CYCLE 


A 9.5.1 Introduction 

The combtistion products from the separately fired air heater 
are mixed with the exhaust from the MHD duct during its passage through 
the bottoming cycle heat exchangers. To avoid excessively high combustion 
temperatures, however, and associated design and maintenance problems, 
a portion of this exhuast is recirculated to the inlet of Che air lieater 
combustion chamber. In the schematic diagram (Figure A 9.5.1), it is the 
temperature at Point 2 that is of interest. As seen from the energy 
and materials balance, the enthalpy at this point is: 


U 


2 


M H + M„I1 + 

S 8 


M H + AH M 

r r c 6 


M + M + M 
a g r 


(A 9.5.1) 


where H refers to enthalpy and M refers to mass flow race, with subscripts 
g, a, r denoting the gas, air, and recirculation streams, respectively. 

The quantity AH^ is the heat combustion of the gas. Thus, the 
temperature of the combustion products entering the heat exchanger 
section will decrease with increasing recirculation rates. A maximum 
temperature of 2255“K (3600“?) is indicated by the properties of 
economically available ceramic materials for construction. Recirculation 
rates up to 1.87 times the inlet airflow rate may be required to 
satisfy this limitation. 
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A • 'u I ♦ J t*rlnciplas 

In order to recirculate a portion of the flue gases from 
the separately-fired air heater back into its combustion chamber, this 
stream must be compressed back to inlet pressure. This means that 
the compressor must overcome the pressure losses in the chamber 
and in the ducting. Tills exhaust gas is nominally near atmospheric 
pressure but at a temperature of about 1680’i: (2564"F), which precludes 
use of any conventional mechanical blower. It is believed that use of 
the jet pump principle will urobably be required, using the inlet 
fresh air stream to induct the flue gas stream. A jet pump, however, 
has serious limitations in efficiency and capacity. 

In « .acept the mixing of the two streams in a jet compressor 
may take place -ither in a passage of constant cross section or at 
constant pressure in an isobaric chamber- The first type of compressor 
is little used in practice but has been considered here because of 
additional structural and arrangement options. In particular, tliis 
concept avoids the necessity of an inlet stream nozzle, with substantial 
pressure differential across walls exposed to high-temperature gas 
streams on both sides. Such a nozzle would have to be constructued of 
refractory brick without steel reinforcement. 

A 9.5.2 Constant Area Mixing 

Staging is required in this type of jet compressor, since 
the ratio of outlet to inlet flow rates for any one stage may not 
exceed a certain value. Ideally, this ratio is but is reduced by 
parisitic pressure losses in the system. For tills application it is 
concluded that many stages would be required. 

A staged jet pump is shown schematically in Figure A 9.5.2, 
where each stage consists of a tliroat at Intake pressure containing .in 
induction port, followed by a ditfuser section for expansion back to 


\ 


li 
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Intake pressure^ then followed by the throat of the next section* Tliis 
assembly of stages is preceeded by an inlet nozzle and followed by the 
final diffuser. Based on the simplified assumptions of ineompressible 
flow and constant fluid density, it may be shown that the overall static 
pressure drop across the pump assembly is; 


V *'2 “ 


1 

2G 


1 

2C 


P 


t <Vi> 

d 


■ It • •: t'l 


(\ 9*5.2) 


whero P - stiitic pressure 

p ** density 

W = mass velocity 

Cj = diffuser efficiency 
a 

C “ nozzle efficiency 
n 

a = inlet flow/uutlet flow for the nth stage 
n 

M = number of stages 

0 - refers to inlet to the nozzle 

1 - refers to induction stream 

2 -- refers to outlet stream 

Continuity requires that 


REPF.O' 

ORluil'- 


■,|T{ " ^TY OF THE 
IS POOR 
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"2 » . 

The overall pteseuip Xosa ia Binimized by setting 

a » a •constant. 

Im^ V« • 

ThuH « * I «iul 

, p . p .p . -1. i ,.5.„ 

V»2 - 2C„ . , „2„ . OT - 

Since the quantity 

J- + a^(l - |“) <A 9-53) 

Cg Cg 

nuat always be positive* the miniauB nuaber o€ 8ta<^s is 

2 tnj^j (A 9.5JB) 

N » -s— 

in (|p^) 

^ '-■"■■ 

Say for jjf • 2r 

that is, at least tbras states would be tequired in order to achieve 

liul«cil«H» Jit .•11. Further cxaBinjitloh tdttiwi^^^^t^^^^ 

induction retes n bucIi larger ouBber wt w*u|’.e« If? rv.|«l red l*»r i 

. .PiSiwnrs tosses. ,■ , 

; EEPEODUem 

•> W* ■■■- PAGE 18 PM''"- 


Pressure Loss Factor (Po“P 2 t ! <P 2 ~Pi> 


Ltlr^ e ‘'3026S-B 



Fig. A 9. 5. 3-Pressure loss factor (Po-P2*/<P2“Pl* versus number of jet 
pump stages lor flow ratio of 1 0 


Figure A 9.5.3 shows the variation of the pressure loss factor 
(P^_P^)/(P 2 _P^) j neglecting inlet and exit velocity heads, as a function 
of number of stages, with = 2. The curve in this figure suggests 

that constant area mixing is not practical for the pumped flow rates 
required in this application. 


A 9.5.3 Constant Pressure Mixing 

The following relations describe the performance of a jet 
compressor with constant pressure mixing. These equations may be 
derived by direct solution of the energy and momentum equations, but 
it should be noted that they may also be obtained by taking the limit , 
as the number of stages approaches infinity, of the staged jet pump 
with constant area mixing. 
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(A 9.5.7) 


(A 9.5.8) 


(Pj'Pj)- (A 9.5.9) 


Here the subscript 3 refers to the inlet of the final difluser. 
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The overall efficiency of the inductor system including 
the contribution of the compressor, is given by 



l«i 

(Pj-Pi)v 

Op = 

1 

2C 

n 

IM^I 

LI 

h' \ 

f*W? 2 ] “0 

- <Vi>_ 


(A 9.5.10) 


It is expected that inlet and exit velocity heads will be small, and 


can be neglected, thus 



(A 9.5.11) 


With that assumption and letting 

n = 0.9 
c 

C = 0.95 
n 

C. *= 0.85 

Cl 

Figure A 9.5.3 sliows llie v.iriation of pump effiiicnc'', , ;ind prejoniri- 
loss factor, / ('’2"'’ p •' ral io, 
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Tlie estimatsd pressure loss in the combustion chamber, stone 
matrix, and ducting is 2%, to which an additional 0.4/i has been added 
lor flow CDiUrol by throttling. Thus = P| x 1.024. 

Using this value we now calculate the inlet nozzle pressure 
ratio, which is also shown in Figure A 9.5.4. 

Tlie recirculation ratios used in the base case analyses result 
in the values of M^/M^ = 1.70, 2.02, and 2.87. 

To obtain reasonably good pump efficiency, it is necessary 
to shape the isobaric chamber for efficient simultaneous mixing and 
pressure recovery. This, in practice, is largely empirical. »t is 
anticipated that shapes practically attainable with firebrick, construction 
may severely limit pump performance. 

For present purposes of cos*t*and performance estimates we 
have chosen a design which is structurally a compromise between staged 
constant-area mixing and constant-pressure mixing. Tliis concept, as 
shown in Figure A 9.5.5 substitutes a conical diffuser with a 
multiplicity of induction ports for the isobaric chamber. 

It is possible that problems may arise with the highest 
flow ratio (2.87) considered since the nozzle pressure ratio (as 
calculated on an incompressible basis) is approacliing the critical 
pressure ratio 0.53, and the value calculated depends on maintaining 
good diffuser efficiencies in the presence of high induction rates, high 
Mach numbers, and the geometry limitations imposed by brick construction. 
(See Figure A 9.5.6 for the variation of a function of C^) . 

The problems associated with restricting 2.02 for cases 1, 2, 3, 

15, and 16 are considered. 

A 9.5.4 Design Parameters 

It is assumed in the estimates that follow that the 
recirculation flow and the fresh airflow Into the separately fired 
heater are each broken Into two streams with lwt> separate Inductors. 
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1 



Diffuser Efficiency, Cj 

Fig. A 9. 5. 6-Nozzle pressure ratio versus diffuser efficiency 
for flow ratio 2. 87 to 1 
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llie basic design parameters are given in Table A 9.5.1 for each of 
those base cases that are unique in terms of the IlHD topping cycle 
and that employ exliaust gas recirculation. In this table the nozzle 
inlet area and the diffuser exit area are based on limiting tlie 
velocity heads in these regions to 304 Pa (0.003 atm) or about 12.5% 
of the pressure difference that the pump must overcome. 

Table A 9.5.1 Design Parameters 

Area at End 

“ •.» ^ ▼ mt . T_ r\. t ^ ^ 


, Ib/s 


Nozzle Inlet 
Area ft^ 

Throat Area, 
f t2 

of Induction 
Section , f t^ 

Diffuser Exit 
Area, ft^ 

314.0 

2.87 

107.2 

9.24 

113.7 

339.9 

^89.6 

2.87 

64.9 

5.78 

66.9 

205.2 

96.05 

2.87 

32.9 

2.82 

34.1 

104.0 

311.0 

2.02 

106.3 

14.60 

77.3 

236.2 

330.5 

1.70 

119.9 

19.81 

69.1 

212.4 

314.5 

2.87 

107.8 

9.28 

111.0 

340.4 

314.5 

2.37 

107.8 

9.25 

111.0 

340.4 

314.0 

2.02 

107.2 

14.72 

80.0 

239.2 

189.6 

2.02 

64.9 

9.22 

47.1 

144.4 

46.05 

2.02 

32.9 

4.51 

24.0 

73.2 

314.5 

2.02 

107.8 

14.78 

78.1 

239.6 

314.5 

2.02 

107.8 

14.78 

78.1 

239.6 


Base Case 1 with flow ratio 2.02 has been sized in more 
detail for purposes of cost estimating. Tne nozzle, the inductor- 
diffuser region, and the final diffuser region are all assumed to be 
conical sections of the cross section shown in Figure A 9.5.7. 

This shape sliould be amenable to brick construction and offers 
iMilv sllglillv iiioii* I I ovi ri*:i I si I lian a rlreuliir ero:;?; A 

conceptual diagram of the brickwork is shown in Figure A 9.5.8. llic 
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JET PUMP CONCEPT 


Fig. A 9. 5 . 8-Concep(ual diagram of ceramic jet pump 




outer shell, vjhich acts as a conduit for the recirculated flow stream, 
is assumed to be a cylinder of the same cross-sectional shape as the 
o tiler sections. 

The outer shell and the no/«zlc are comprised of tliree 
cm (6 fn) layers of brick (consisting; of an inner lining; of dense 
ina^'ncslum brick, a middle layer of insulating rirebridc rated at 
(2800**F) and a final outer layer of insulating brick rated for 1533«K 
(2300®F) . This arrangement assures heat losses corresponding to 
less than 2®K (3.6®F) temperature drop in the gas streams* A 
backing of steel sheet of thickness 0*127 cm (0,05 in) is subjected 
to nominal hoop stresses of less than 68.95 MPa (10,000 psi). 

The final diffuser is composed of a single layer of magnesia 
brick, while the diffuser-inductor section is constructed of a single 
open-lattice layer of magnesia brick with a 25% void. Toward the 
larger, higher— pressure end, this section x^ould be supported by the 
outer shell. 

The length of the nozzle was taken as 7.22 m (23.7 ft), 
about twice its inlet diameter. The length of the inductor-diffuser 
section was assumed to be 11,39 m (37,4 ft) based on a mean radial 
divergence angle of 5 degrees. The length of the final diffuser was 
set at 8.22 m (27.0 ft) based on a 7 degree divergence angle. The 
length of the outer shell was taken as 19.54 m (64 ft), or approximately 
the combined length of the two diffuser sections. 

Table 9.5.2 summarizes the costing rates which have been 
used, where a multiplier has been included to allow for the fact that 
the bricks will have to be made in special shapes* 

Table A 9,5.3 gives a summary of the cost estimate of a single 
inductor assembly for Base Case 1 with a flow ratio of 2.02 

The cost estimates for the other cases were not made in this 
detail. Assuming that the thickness of all components would not 
change, the area volume, weight, and cost of each component was 
assumed to vary directly with exit flow rate. Table 9.5*4 summarizes 
these cost estimates* 
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Table A 9-. 5. 3 Detailed Cost Estimate for Base Case 1 



Area, 

ft2 

Thickness, 

in 

Volume, 

,ft3 

Weighty 

lb. 

Mac. Cost 
$ X 10-3 

Labor Cost, 
.$ X 10 "3 

Total Cost; 
$ X 10“3 

Outer Jacket 








Mag * Lining 

3400 

6 

1700 

304,000 

59.45 

57.00 

116.45 

2800*’ F Brick 

3581 

6 

1788 

85,600 

20.50 

16,08 

36.58 

2300®F Brick 

3740 

6 

1870 

58,000 

14.30 

10.82 

25.12 

Steel Wall 

3908 

0.05 

16.3 

8,360 

13.39 

36.80 

50.19 

Total 



737.4 

455,960 

107.64 

120,70 

228.34 

Nozzle 








Mag, Lining 

651 

6 

326 

58,200 

11.39 

10,91 

22.30 

2800® F Brick 

684 

6 

342 

16,400 

3,92 

3.08 

7.00 

2300® F Brick 

716 

6 

358 

11,000 

2.74 . 

2,07 

4.81 

Steel Wall 

749 

0.05 

3.1 

1,620 

2.59 

7.21 

9,80 

Total 



1,030 

87,220 

20.6'4 

23. 

43,82 

Diffuser- Inductor 








Mag, Wall 

921 







With 25% Open Area 

691 

6 

346 

61,900 

12.10 

11,60 

23,70 

Final Diffuser 








Mag, Wail 

1254 

6 

628 

121,100 

21.91 

21.02 

42.93 




7,377 

717,180 

162.29 

176.50 

388.79 


REPRODUCiBILITY OF THE 
ORIGINAL PAGE IS POOR 


Table A 9.5.4 Cost Summary All Cases 



M Ib/s 

“2 

5 

Multlp lier 

Vol., ft^ 

‘ Wt. , lb 

Mat. 

Cost 

X 10'^,$ 

Labor 

Cost 

X 10"^,$ 

Total 

Cost 

X 10"Ll 


/ O 








1 

314.0 

2.87 

1.42 

10,490 

1,020,000 

231.00 

251.00 

482.00 

2 

189.6 

2.87 

.859 

6,345 

616,000 

139.50 

151.40 

290.90 

3 

96.0 

2.87 

.435 

3,215 

312,100 

70.70 

76.90 

147.50 

12 

311.0 

2.02 

.991 

7,300 

711,000 

161.00 

175.00 

336.00 

13 

330.5 

1.70 

.885 

6,540 

635,000 

143.70 

156 . 10 

300.00 

15 

314.5 

2.87 

1.42 

10,490 

1,020,000 

231.00 

251.00 

482.00 

16 

314.5 

2.87 

1.42 

10,490 

1,020,000 

231.00 

251.00 

482.00 

1 

314.0 

2.02 

1.00 

7,377 

717,180 

162.30 

176.50 

338.80 

2 

196.5 

2.02 

.604 

4,455 

433,400 

98.10 

106.50 

204.90 

3 

96.0 

2.02 

.306 

2,258 

219,600 

49.82 

54.05 

119,10 

15 

314.5 

2.02 

1.00 

7,377 

717,180 

162.30 

176.50 

138.80 

16 

314.5 

2.02 

1.00 

7,377 

717,180 

162.30 

176.50 

138.80 
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A 9«5*5 Alternative Solutions 

Because of the very low efficiency of the jet pump for high 
recirculation rates, some other solution must be sought • The avail- 
able altematiyes include: 

® Accepting a lower final preheat temperature. This 
reduces the required temperature of the gapor 
combustion air and, hence, requires a lower 
recirculation rate of products. 

® Accepting higher gapor combustion temperatures. 

Some materials can tolerate the higher tempera- 
tures, but they will have limited life and increase 
the cost of the stove. 

^ Cooling the recirculated products to a teinperature 
where they can be compressed by mechanical means. 

In order to achieve the desired preheat tempera- 
ture, the recycled products will have to be re- 
heated to their original temperature, or the gapor 
combustion air will have to be heated to an even 
higher temperature. This solution will require 
considerably more heat transfer equipment, and 
there will be attendant pressure and thermody- 
namic losses. 

Although sufficient effort has not been expended to deter- 
mine the best solution, some combination of one and two would appear 
attractive. 
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Appendix A 9.6 
PLANT ISLAND LAYOUT 


A 9*6,1 HlgliTtemperature Pipes and Valves 

A large quantity of air must be handled at high temperature. 
Detailed piping neslgns, therefore, have been developed in order to 
estimate costs and to assist the A/E in evaluating site requirements. 

Layout drawings nf the three base case plant islands are shown in Figures 
A 9.6.1 (Base Case 1), A 9.6.2 (Base Cas3 2), and A 9.6.3 (Base Case 3). 

The plant components are drawn approximately to scale and give a good 
indication of their relative size. 

A 9.6.2 Base Case 1 ^ Stove Piping 

In Base Case 1 combustion air, preheated at the MHD diffuser 
exit, is further heated by stoves similar to those used in steel blast 
furnaces. These stoves are arranged in two groups of 20 on each side of 
the MHD combustor. Fuel gas from the carbonizer and combustion air 
heated by a muffle furnace extracting energy from the stove exhaust are 
used to heat half the stoves, while the other half is heating the combus- 
tion air. It is desirable to group the stoves in banks of 4 so that the 
number of valves is reduced and the banks can be sequenced to provide an 
acceptable drop of the heated combustion air temperature. The arrangement 
requires extremely complex valving and switching equipment. Figure A 9.6.4 
shows schematically the arrangement of 5 banks of 4 stoves each. 

is sn identical arrangement on the opposite side of the combustor, 
making a total of 40 stoves. The cost estimates for the stove piping 
system is broken down into 15 components In the following subsections. The 
last digit of the subsection number refers to the circled numbers in 
Figure A 9.6.4. 
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A 9,6#2»1 Preheat Air Piping 

Prom a heat exchanger at the MHD diffuser exit, two main 
combustion air ducts carry heated air to the stove banks for further 
heating. Harbison-^Walker Refractories Company was consulted for 
help with the duct construction design and cost estimates for the 
refractory portion; the U* S* Steel American Bridge Division provided 
data on the construction and costs for the steel pressure shell. The 
dimensions of these ducts are: 

e An inside diameter of 3.13 m (10.28 ft) to carry the mass 
flow of hot air at a velocity of 73.2 m/s (240 ft/s) 

e An outside diameter of 3.96 m (13 ft) to allow for 38.1 cm 
(15 in) of har defaced and insulating backup brick 

0 A steel shell, 3.81 cm (1.5 in) thick, to contain the 
pressure 

e High-^ temperature expansion seals to accomodate the length 
change of about 61 cm (24 in) 

9 Concrete, steel-reinforced, protection walls on each side"' 
of the pipe in case of rupture or spot burnout. 

The length of these ducts is 67.1 m (220 ft). The combination 
of temperature [1588^K (2400“P)], pressure [638.2^kPa (6.3 atm)], and 
mass flow [1256/kg/s (2769 Ib/s)] combine to make these expensive and 
difficult ducts to manufacture. 
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Table A. 9.6.1 Cost Estimates for Main Air Duct 



Weight, 

tons/duct 

Material, 

$/duct 

Installation, 

$/duct 

Steel Shell 

202 

50,500 

191,900 

Refractory 



76,316 

Hard faced 

313 

56,340 

Insulating backup 

273 

70,980 

66,564 

Expansion Seals 

10 

60,000 

5,000 

Concrete and Steel Supports 330 

8,500 

43,500 

Concrete Protection Walls 

462 

10,000 

75,000 

Total per Duct 

1266 

256.320 

485,280 

Total Both Ducts 

2532 tons 

$512,640 

$970,560 


A 9. 6. 2. 2 Main Stove Manifolds 

This piping feeds air from the pceheat air piping to the five stove 
banks. Varying the manifold diameter maintains constant header velocity in 
the manifold, from an initial inside diameter of 3.13 m (10.28 ft) the dia- 
meter drops to 2.80 m (9.2 ft) after the first stove bank manifold and 2.43, 
1.98, and 1.4 m (7.79, 6.5, and 4.6 ft), respectively, after the other 
manifolds. The manifold has an overall length of 97.5 m (320 ft) of steel 
pipe with a 38.1 cm (15 in) thickness of refractory lining. The pipe is 
similar to the main preheat air pipes. Two main stove manifolds are re- 
quired, and, again, estimates were based on data from Harbison-Walker 
and American Bridge. 
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Table 9-6.2 Cost 

Estimates : 

Main Stove Manifolds 

(2) 


Weight, tons 
groups 

Material, 
$/ groups 

Installation 
$ /groups 

Steel Shell 

110 

27,500 

95,950 

Refractory 




Hard faced 

202 

36,360 

40,500 

Insulating backup 

174 

45,290 

34,500 

Expansion Seals, 4 

8 

160,000 

15,000 

Concrete & Steel Supports 

50 

4,000 

16,000 

Total 

544 

273,150 

201,950 

Total for Both Manifolds 

1088 tons $546,300 

$403,900 

A 9 -6.2.3 Stove Bank 

Cold Blast ilanifolds 



The ten cold blast manifolds connect the two main stove manifolds 
to a total of ten banks with four stoves, half in each group- The pre- 
heated air coming from the heat exchanger at the MHD diffuser exit is fed 
into stove banks, where the air temperature is further raised before 
introducing it to the MHD combustor- Banks are switched in and out, one 
at a time, but sequenced so that five banks are giving up heat to the 
combustion air, and five banks are being heated by fuel gas at any given 
time. 

The length of each cold blast manifold is 36-6 m (120 ft), starting 
with an inside diameter of 1.40 m (4.6 ft) and decreasing to a diameter of 
0-7 m (2*3 ft)- The same insulation thickness is required, 38-1 cm (15 in), 
since the air is essentially still at 1588°K (2400°F) (point 3, Figure A 9-6-4- 
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Table A 9*6*3 Cost Estimates for Stove Bank Cold Blast Manifold 



Weight, tons/ 
manifold 

Material, $/ 
manifold 

Installation, 
$/ manifold 

Steel Shell 

41 

10,250 

35,500 

Refractory 




Hard faced 

22.2 

3,990 

4,400 

Insulating backup 

23.3 

5,280 

4,600 

Expansion Seals * 

4.0 

82,000 

15,120 

Concrete & Steel Supports 

10.0 

2,000 

3,000 

Total for 10 Manifolds 

100.5 tons 

$103,520 

$62,620 

A 9. 6. 2. 4 Stove Bank 

Hot Blast Manifolds 


After picking up 

heat from the stoves, the gas is collected from 

each stove by a hot blast manifold* Again, 

ten hot blast 

manifolds would 

be required foi the ten stove banks* At a 

temperature of 

1621“K (2458“F) 

an increase in inside diameter is required 

to limit the input velocity. 

The inside diameter begins 

at 0.786 i 2 (2.58 ft), increasing with each stove 

until the manifold exit is 

1.57 m (5.15 ft) 

• 


Table A 9.6*4 Cost Estimates for Stove Bank Hot Blast Manifold 


Weight, tons/ 
manifold 

Material , $/ 
manifold 

Installation, 

$/manifold^ 

Steel Shell 

51 

12,750 

12,000 

Refractory 




Hard faced 

62 

10,670 

13,000 

Insulating backup 

68 

13,330 

17,000 

Expansion Seals 

9 

82,000 

23,200 

Concrete & Steel Supports 

12 

15,000 

10,000 

Total 

202 

133,750 

75,200 

Total for 10 Manifolds 

2020 tons 

$1,337,500 

$752,000 




A 9,6. 2. 5 Stove Bank Hot Blast Collector Manifolds 

Each stove bank hot blast manifold is collected into two large 
manifolds leading to the combustor manifold. The collector manifold 
length is 117 m (385 ft). The inside diameter increases from 1.57 m (5.15 ft) 
to 3.51 m (11.50 ft). 

Table A 9.6.5 Cost Estimates for Stove Bank Hot Blast Collector Manifolds 



Weight, tons/ 
manifold 

Material, $/ 
manifold 

Installation, 

$/manifold 

steel Shell 

112 

28,120 

106,400 

Refractory 




Hard faced 

165 

75,125 

63,660 

Insulating backup 

159 

72,395 

61,340 

Expansion Seals 

14 

99,000 

31,000 

Concrete & Steel Support 

12 

15,000 

10.000 

Total 

462 

289,640 

272,400 

Total for 2 Manifolds 

924 tons 

$579,280 

$544,800 

A 9.6.2. 6. Combustor 

Manifolds 




The collector manifolds from each group of 20 stoves carries the 
heated air to the combustor through ttwo combustor manifolds. Each of 
these is ducted to the four combustors in such a way as to allow hot air 
to flow from either set of 20 stoves, or from both sets simultaneously, 
in varying stove bank balances. The overall manifold length is 36.6 m 
(120 ft), the inside diameter 3.51 m (11.5 ft) at the collector manifold 
attachment, and 2.47 m (8.1 ft) at the section between pairs of combustors. 
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Table A 9.6.6 Cost Estimates for Combustor Manifolds 



Weight, tons/ 
manifold 

Material, $/ 
manifold 

Installation, 

$/manifold 

Steel Shell 

20 

16,000 

30,000 

Refractory 

Hard faced 

59 

13,000 

13,200 

Insulating backup 

51 

13,400 

11,800 

Expansion Seals 

12 

90,000 

24,000 

Concrete 6 Steel Support 


38,000 

32,000 

Total 

170 

170,400 

111,000 

Total for 2 Manifolds 

340 tons 

$340,800 

$222,000 


A 9.6. 2. 7 Fuel Gas Piping 

The stoves are heated by fuel gas piped from the carbonizer mani- 
fold through two main ducts to the two fuel gas distribution manifolds. 

These two manifolds, in turn, direct the fuel gas to ten (five from each 

distribution manifold) stove bank fuel gas manifolds. The overall length 

of tne main supply ducts is 61.0 m (200 ft), and the inside diameter is 1.40 m 

(4.6 ft). They carry fuel gas at 811“K (1000®F) and at slightly higher 

than 1 atm pressure. The total mass flow of fuel gas, 45.4 kg/s (360,300 Ib/hr), 

requires two ducts 1.40 m (4.6 ft) inside diameter at an assumed flow velocity 

of 36.6 m/s (120 ft/s). 


Table A 9.6.7 Cost Estimates for Main Fuel Gas Supply Ducts 



Weight, 

tons/duct 

Material, 

$/duct 

Installation, 

3/8" Steel Shell 
(Grade SA 516) 

24 

8,750 

25,000 

Refractory - insulating 
cement id, fiber- 
glass od 

10 

3,500 

3,500 

Expansion Seals (2) 

4 

11,000 

3,000 

Concrete & Steel Supports 10 

4,000 

3,500 

Total 

48 

27,250 

35,000 

Total for 2 Pipes 

96 tons 

$54,500 

$70,000 

A 9. 6. 2. 8 Fuel Gas 

Main Distribution ManifnIH 


Ttro distribution manifolds are required whose inside diameter 
decreases from 1.40 m (4.6 ft) to 0.628 m (2.06 ft) as fuel gas is diverted 

rrom the main fuel gas supply ducts to stove banks. The overall length is 
73.2 m (240 f t) . • 

Table A 9.6.8 Cost Estimates for Fuel 

Gas Main Distribution Manifold 


Weight, tons/ 
manifold 

Material, 

$/manifold 

Installation, 

3/8" Steel Shell 
(Grade SA 516) 

22 

8,000 

25,000 

Refractory - insulating 
cement id, fiber- 
glass wrapped, od 

11 

3,000 

3,500 

Expansion Seals (5) 

5 

25,000 

10,000 

Concrete & Steel Supports 


4,000 

2,000 

Total 

48 

40, 000 

40,500 

Total for 2 Manifolds 

96 tons 

$80,000 

$81,000 
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A 9*6>1#9 Fuel Gas Stove Manifolds 

Puei gas is carried from the main distribution manifolds to 
stove banks by fuel gas stoye manifolds. The overall length of a Tnanifold 
is 36.6 m (120 ft), the inside diameter decreasing from Q. 628 m (2.06 ft), 
where the flow volume supplies four stoves to 0.314 m (1.03 ft), where only 
one stove is supplied. 

Table A 9.6.9 Cost Estimates for Fuel Gas Stove Manifolds 



T^eight, tons/ 
manifold 

Material, $/ 
manifold 

Ihstallationj 

$/manifold 

steel Pipe (SA 516 3/8") 

5.1 

1,520 

4,000 

Insulation - (insulating 
cement and fiberglass) 

2.75 

750 

1,500 

Expansion Seals, 4 

1.5 

3,000 

1,000 

Concrete & Steel Supports 

2.0 

1,500 

500 

Pipe Flanges 


500 

200 

Total 

11.35 

7,270 

7,200 

Total for 10 Manifolds 

113.5 tons 

$72,700 

$72,000 


A 9.6.2.10 Combustion Air, Main Distribution Manifold 


This manifold carries heated air I1580®K (2384 ®F)] from a muffle 
furnace to the stove bank manifolds. The pressure is essentially 101.3 kPa 
(1 atm), the mass flow 253 kg/s (2,007,936 Ib/hr) . Two manifolds are re- 
quired, their overall length 97.5 m (320 ft) with an inside diameter of 
3.20 ra (10*5 ft) from the muffle furnace to the first stove banks, then 
diminishing to 1.47 m (4.83 ft) at the fifth stove bank. Since the pressure 
is very low and only heated air is being carried, the construction of this 
manifold was assumed to be cast, reinforced concrete with a refractory ' 

1 ining . 
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Table A 9.6*10 Cost Estimates for Combustion Air 
Main Distribution Manifolds 



Weight, tons/ 
manifold 

Material, $/ 
manifold 

Installation, 

$/manifoid 

Reinforced Concrete Shell 

300 

30,000 

50,000 

Refractory 




Hard faced 

106 

19,170 

20,500 

Insulating backup 

59 

15,360 

15,500 

Site Preparation & Footers 



14,000 

Expansion Seal 

20 

70,000 

15,000 

Total 

485 

134,530 

il5,000 

Total for 2 Manifolds 

970 tons 

$269,060 

$230,000 


A 9.6*2*11 Combustion Air Stove Bank Manifolds 


Combustion air is carried to the stoves from the main distribution 
manifold through ten stove bank manifolds. Again, since the temperature 
and pressure are the same as the main distribution manifold, the construction 
is reinforced concrete, refractory lined. The overall length of each manifold 
is 36.6 m (120 ft), starting at 1.47 m (4.83 ft) id and diminishing to 0.762 m 
(2.5 ft) at the fourth stove. Ten manifolds are required. 

Table 9.6.11 Cost Estimates for Combustion Air Stove Bank Modules 



Weight, tons/ 
manifold 

Material, $/ 
manifold 

Installation, 

$/manifold 

Reinforced Concrete Shell 

150 

15,000 

26,000 

Refractory 




Hard faced 

26 

4,790 

4,500 

Insulating backup 

17 

. 3,840 

3,000 

Expansioii Seals, 4 

4 

8,000 


Site Preparation & Footers 



5,000 

Total 

197 

31,630 

38,500 

Total for 10 Manifolds 

1970 tons 

$316,300 

$385,000 
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A 9.6.2.12 Exhaust Products Stove Bank Manifold 

Ihe products of combustion of the fuel gas used to fire the 
stoves are collected in these manifolds and carried to the main collector 
manifold. The overall length of these manifolds is 36.6 m (120 ft) the 
inside diameters start at 0.808m (2.65 ft) and xncrease to 1.55 m (5.07 ft) 
at the exhaust valve. 

Table A 9.6.12 Cost Estimates for the Exhaust Products Stove Bank Manifold 



Weight, tons/ 
manifold 

Material, $/ 
manifold 

Installation 1 
$ /manifold 

Steel Shell 

21 

4,200 

6,500 

Refractory 

140 

26,000 

28,000 

Expansion Seals, A 

8 

68,000 

22,000 

Concrete & Steel Supports 

9 

14,000 

6,000 

Total 

178 

112, 200 

62,500 

Total for 10 manifolds 

1780 tons $1,122,000 

$625,000 


A 9.6.2.13 Exhaust Products Main Collector Manifold 

Exhaust products from the stove bank manifolds are collected into 
this manifold for transport to the muffle furnace. Two manifolds are re- 
quired each 97.5 m (320 ft) long. The manifold has an inside diameter 
starting at 1.58 m (5.18 ft) and increasing to 3.54 m (11.6 ft) at the 
duct to the muffle furnace. 


beprodijcibilhy of the 
original page is poor 


Table A 9.6.13 Cost Estimates for the Exhaust Products Main Collector Manifold 



Weight, tons/ 
manifold 

Material, $/ 
manifold 

Installation , 
$/manifold 

Steel Shell 

50 

14,000 

45,000 

Refractory 




Hard faced 

220 

39,000 

32,000 

Insulating backup 

200 

50,000 

48,000 

Expansion Seals, 4 

16 

160,000 

40,000 

Concrete & Steel Supports 

_ 

8,000 

12,000 

Total 

486 

271,000 

177,000 

Total for 2 Manifolds 

972 tons 

$542,000 

$354,000 

A 9* 6. 2. 14 Exhaust Products Main Duct to Muffle Furnace 

The piping from 

the main exhaust 

products collector manifold 

to the muffle furnace is 3 

.54 ra (11.6 ft) 

Id, 30.5 m (100 ft) long. Two 

are required. 




Table A 9.6.14 Cost Estimates for the Exhaust Products Main Duct to the 

Muffle Furnace 




Weight, 

Material^ 

Installation, 


to ns/ duct 

$/duct 

$/duct 

Steel Shell 

20 

5,000 

15,000 

Refractory 




Hard faced 

33 

6,000 

6,500 

Insulating backup 

27 

7,000 

7,500 

Expansion Seals 

10 

50,000 

15,000 

Concrete 6 Steel Supports 

15 

2,000 

3,000 

Total 

105 

70,000 

47,000 

Total for 2 Ducts 

210 tons 

$140,000 

$94,000 
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A 9.6.2*15 Exhaust Products to Steam Generator Ducts 


The exhaust products, after passing through the muffle furnace, 
are ducted to the steam generator downstream from the MHD diffuser. The 
length of each pipe was assumed to be 244 ra (800 ft) and the inside diameter 
2.32 m (7.6 ft). Two are needed. 

Table A 9.6.15 Cost Estimates for the Exhaust Products to Steam Generator 
Ducts 


Weight, 
tons /duct 

Material , 
$/duct 

Installation, 

$/duct 

Steel Shell 

100 

25,000 

75,000 

Insulation (f iberglass) 


14,000 

14,000 

Expansion Seals, 2 

8 

22,000 

8,000 

Concrete & Steel Supports 

40 

11,500 

18,500 

Total 

148 

72,500 

115,500 

Total for 2 Ducts 

296 tons 

$145,000 

$231,000 


A 9.6.2,16 Recycled Combustion Products Piping 

One pipe is required to recycle a portion of the stack gas to the 
compressors supplying MHD combustion air and stove bank combustion air. 

This pipe has an inside diameter of 3.05 m (10 ft) and is 121.9 m (400 ft) 
long. At 425°K, (306°F) no special insulation or refractory is required. 
An outer fiberglass insulation is assumed to have been used to protect 
personnel • , 
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Table A 9.6.16 Cost Estimates for Recycled Combustion Products Piping 



Weight, 

tons 

Material, 

$ 

Installation, 

S 

Steel Shell 

24 

8,000 

16,000 

Fiberglass Wrap 


1,200 

2,800 

Concrete & Steel Supports 

M 

2,200 

5,300 

Total 

34 tons 

$11,400 

$24,100 

A 9.6.2.17 Hish-Temperature Valves 



The switching of 

Stoves from heating to cool-down 

is done by high- 

temperature valves similar 

to those used 

in blast furnaces. 

"valving is 

required on air, fuel gas. 

combustion air, heated air, and exhaust products 

manifolds. In addition, hi 

.owdown valves 

are necessary on each stove bank 

to equalize pressures during switching. 



Table A 9.6.17 Cost Estimates 

of High-temperature 

Valves 


Weight, 

Material, 

Installation, 


tons 

$ 

§ 

MHD Combustion Air 

30 

600,000 

10,000 

Cold blast valves, 10 

240 

750,500 

20,000 

Hot blast valves, 10 

10 

1,058,000 

20,000 

Fuel Gas Valves, 10 

50 

86,000 

10,000 

Exhaust Products Valves, 10 

80 

600,000 

10,000 

Blowdown valves, 20 

160 

1,200,000 

20,000 

Sequencing Serve & Drive 

, 

340,000 

85,000 

Total 

620 tons 

$4,634,500 

$175,000 


A 9.6.2.18 Low-Btu Gas Pipin g Base Case 3 Only) 


The piping for low-Btu gas requires a length of 42.67 m (140 ft) 
of refractory lined steel pipe 1.89 m (6.2 ft) id.. One pipe is needed. 

Table A 9.6.18 Cost Estimates for Hot Low-Btu Gas Piping 



Weight , 
tons 

Material , 
$ 

Installation, 

$ 

Steel Shell 

127 

32,000 

135,000 

Refractory 

Hard faced 

84 

15,200 

18,000 

Insulating backup 

67 

20,000 

22,000 

Expansion Seal 

8 

30,000 

10,000 

Concrete & Steel Supports 

25 

12,000 

7,000 

Protection Walls 

180 

28,000 

8,000 

Total 

491 tons 

$137,200 

$197,000 


A 9.6.7.19 Heated Air Duct dBase Case 2 Only) 


Air from a heat exchanger at the exit of the MHD diffuser is 
carried to the MHD combustors through two ducts 2.87 m (9.4 ft) id. 
Harbison-Walker calculated the insulation requirements to maintain the 
the steel shell at 367”K (200"F) or less. Six inches of hard-faced 
refractory, backed up by nine inches of insulating brick is required. 

The overall length of the duct is 91.4 m (300 ft). A mass flow of 1256 kg/s, 
(9,968,254 Ib/hr) at a temperature of 1589»K (2400‘>F), a pressure of 
638 kPa (6.3 atm) and a velocity of 73.15 m/s (240 ft/s) were used to 
calculate the duct size. At 2.87 m (9.4 ft) id the pressure drop Is 
3.10 kPa (0.45 psi). 
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Table A 9.6.19 

Cost Estimates 

for Heated Air 

Duct 


Weight , 

Material , 

Installation 


tons 

$/duct 

$/duct 

Steel Shell^ ASTM 516 

225 

56,000 

249,750 

Refractory^ 




Hard faced 

396 

71,280 

75,000 

Insulating backup 

346 

89,940 

90,000 

Refractory Anchors^ 

5.2 

22,750 

7,000 

Concrete & Steel Supports 

60.0 

22,000 

48,000 

Expansion Skids 

2 

5,000 

15,000 

c 

Expansion Seals 

2 

46,000 

9,000 

Concrete Protection Walls 

630 

70.000 

80.000 

Total 

1,666 

383,220 

573,750 

Total for 2 Ducts 

3332 tons 

$766,440 

$1,147,500 


^Data supplied by M* Karr, American Bridge, Division, U.S. Steel ♦ 

^Data supplied by R. Bohac, Harbison-Walker Refractory Company. 

^ata supplied by H. Graham, Zallea Brothers Company, Wilmington, Del. 

Total weight, material, and installation cost estimates for the 
high— temperature piping of Base Case 1 which were given in Tables A 9«6.1 
through A 9.6.17 are summarized in Table 9.22 Accounts 13.12 through 13.17. 
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Appendix A 9.7 

LISTINGS OF COMPUTER PROGRAMS DEVELOPED FOR OPEN'-CYCLE MHD CALCULATIONS 

Index 


Page 

Main Programs 

1. DISKMAP reads in data from MHD-2502 and creates a data file 9 304 
which contains combustion product properties needed by duct 
programs . 

2. INPUTAFLOWS - calculates input for MHD 2502 (mole fractions, 9 306 
heats of formation) and flow ratios needed by duct programs 

from fuel composition, seed form, fuel heating value, and 
equivalence ratio. 

3. CHRDUC2 “ version of duct program for use with carboniaer- 9 309 
separately fired preheater cycle. 

4. DQHDUCT - version of duct program for use with gasified 9 32C 

Illinois No. 6 coal, 672"K (750"F) air and hot gas cleanup. 


5. FRECIRCINJOX - duct program for use with direct-fired coal. 
Modifications made for EGAS project include provision for 
recirculation of combustion products, oxygen enrichment, 
injection of supplementary air, and storage of gas properties 

in data files. 


Subroutines 

6. PRELIM - calculates flow ratios for use in CHRDUC2 program 9 340 

7, SETUP - reads the data stored by DISKMAP and arranges it in 9-343 
orderly arrays to facilitate look-up and interpolation. 
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Subroutines (Cont.) 

8 . BLOCKDATA ~ contains enthalpies of dry air, water vapor, and 9-344 
oxygen in Btu/lb for an initial temperature of 222. 2“K 

(-60°F) with steps of SS-S^K (100®F) . 

Functions 

9. BISECT - finds value of x for which FCx) = 0 by method of 9-345 
bisection. 

10. FUNCT2 - calculates the enthalpy above a reference value (H2) 9—346 
of a mixture of air, water, recirculated products, and oxygen 

at temperature T2. Value is in joules per kilogram of moist 
air. 

11. FIJHCT3 - determines temperature corresponding to an enthalpy 9-347 
using FUNCT2 to calculate enthalpies at various temperatures. 

Value is in degrees Kelvin. 

12. SINTPA - single variable interpolation using La Grange three- 9-348 
point method with Independent variable' (X) in ascending order. 

13. SINTPD - single variable interpolation using La Grange 3-point 9-349 
method with independent variable (x) in descending order. 

14. TP2 - Interpolates to find the temperature, given the pressure 9-350 
and one other property (Z). Uses the data for the other 
property (ZZ) ordered by SETUP. 

15. DBLFF - finds the value of a dependent vat*iable (T) by inter- 9-351 
polation, given three values of the dependent variable (YA) 

and corresponding values of the Independent variable (XA). 

16. PURE - calculates the power required to recirculate exhaust 9-352 
products through the air compressor. Value is in joules/ 
kilogram of recirculated products. 




■^t h , 
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Functions (Cont > ) 

17. PZT “ interpolates to find the pressure given the temperature 9-353 
(T) and one other property (z)* Uses the data for the other 
property (ZZ) ordered by SETUP » 

18. XZZ - interpolates to find the temperature for given values 9-354 
of entropy (S) and enthalpy (H) using data arrays (ZS,ZH) 
ordered by SETUP. 

19. ZPZ - calcualtes the value of a property of the gas given 9-355 
the property array (zzl)» the pressure (P), a value of another 
property (ZZ) and its array (ZZ2). 

20. ZTP - calculates the value of a property of the gas given the 9-356 
property array (ZZI) the temperature (T) and ^>re 3 sure (P) . 

21. ZTZ - calculates the value of a property of the gas given 9-357 
the property array (ZZ1)> the temperature (T), a value of 
another property (Z2) and its array (ZZ2) * 




EEPEODUCIEILITY OF THE 
ORIGINAL PA.GE IS POOR 


1. DISKKAP 

0«UNfM/KNPT Dpim2tU9E96FCAS‘IO,lNEI •! .&0 
tfASGfT HEhOtH 


ftiOATAftiL 
DATA T7 
U 

2. 

3« 

5 * 

6« 

7. 

a« 

9. 

n« 

13* 

n* 

IS« 

1 ^ • 
17. 
ia« 

19. 

20 . 
2i« 
22 . 
23. 
2 ^. 

25. 

26. 
27. 
20. 

29. 

30. 

31. 
32* 
33. 
3^. 

35. 

36. 

37. 

3 a. 

39. 

«(G« 

^ I . 

<13. 

Hb* 

< 16 . 

<17. 

<18. 

<19. 

&Q. 

St. 

8.1. 

5 -i • 
b<l. 
bs. 
S 6 « 
S7. 
&8. 
£>9. 
6U» 

6 1 8 
62. 
63. 
^< 1 . 
6 B« 
66 . 
67. 
68 . 


Reaoeh 

rl7g«e» os/ 2 a-i<);tu:<i& 

aSfOHtth 2502 OAT* ANU CREATE FILE FOR DUCT PROtiRAH 

IHPLICIT double precision IA-H. 0-Z) 

OlHlNllON^^'^ZMUt&Oi.SO) , nAlSO.BOl* ZK(SOiBO)* ZS I OHA I BO t50 I t 
1 ZS<B0«50), ZQADDIBU.SU) « VPIBO). VTIBO). 

^0)n£NS?0N^ZMU2<buf^*Z0AOO2|BO) , ZH2i50). ZH2IB0). ZStGH2(B0). 

^Euui V alence ^Izmo* ZHU2f*^?ZQADa. zoaddz)* ??2i. czh» zh2)« 

I IZSIGHA. ZSIGKZTt IZS, ZS2) . fVT. VT2) 

• MVPIBI 


0 1 HENS I ON MXUS}' 

DlHEN^lOl* HEA0I2*)) 


REAUO. 090) HEAD 
NRiTEIA. 092) HEAD 
R£A0<3) 
REA0(3) 


NfUEL. NAGENT.PHI 
I I SC I U ♦ I J »U* I • I i) T « i “I .NFUEL ) . 
I USB! J.I ) • J»1.10) ,I«l .NA6ENT) 

REAOIB. aOU) NT. NP. NMt. NHP 
REAUIS. StO) (VTII). I>1.NT) 

REAOIB. alO) IVPm. 1>1.NP) 

NNT « MHT+l 
NNP « NMP»I 

READIB, 020) (HVTIt). I>2.NNT) 

■ (MVPIt). I»2,NNP) 


READIB. 020) 

HVTIl) 9 i 

HVPin » 1 
DO 10 IBl.NHT 
10 HVTII+I) 

00 20 t«t«NMP 
20 MVP(|«I) 

DO MU iTal.NHT 

tTl » MVTUn 
|T2 « HVTUT*)) - 
DO MO iPni.NHP 

!PI » MVPClP) 

|P2 » HVPCIP*)) - 1 
REA0I3) 

READI3) 

KEAD(3) 

REA0I3) 

REA0I3I 
REA0I3) 

MO CONTINUE 

HEAD 

NT . 


MVTin * MVTil*!) 
MVPlI) + HVPCI+l) 


UZHUI I .JI.JBIP1.IP2). 1»ITI .IT2) , 

I (ZQAOOl 1 »J) tJsIPI .IP2) . IBITl «1T2) 
(I2W (l.J).J«IPl.IP2)> I»ITI»1T2) 
IIZH ( 1 • J) .J»1P1 .1P2) « 

I IZSIGHAII .J)-,J*>IP1 .IP2) . t»ITl .IT2) 
IIZS ( I . J) .JBIPI . IP2) • lBiT).tT2) 


WRITE I 4) 
WRITEIM) 
WHt TE(M) 
WKITECM) 
WKITE(M) 


- . NP. NFUEL. NAGENT, PHI 

(VTlI). IbI.NT) 

(VPtll. I»1.NP) 


I ISCI 1 «J> «I«l.lOt .JBl .NFUEL) . 

(isbii >j).tBi.ia)«j>i . nagent) 
(iznu (l.jl. 1»1.NT)« jBl.NP) 
t IZQAUOl 1 .J) . lat.NT). J>I,NP) 
KZW It.J). I>1.NT). JBl.NP) 
IIZH Ct.Jl. lat.NT), jai.NP) 

( IZSlbHAI I . J) . lat.NT). Ja|.NP) 
MZS (l.J). lat.NT). Jal.NP) 
WRITEI6.900) NT. NP 
Wft|TE(6.?tO) IVTII). lal.NT) 

WKITEI6.920) (VPin. lat.NP) 

00 BO lal.NT.B 
WRITE(6.930) I. VTI|> 

WRITEI6.9M0) CJ. ZMUll.J). J>).NP«B) 
WKtTE(6.9M0l lj» ZQAUOlItJ). Jal.NP. 5) 
WRITEI6.9M0) IJ« £W (i.Jit Jal.NP.B) 
WRlTEM •»M0) <J. ZH II, J), J=I,HP.B) 

WRlTaw.tMO) tj. ZStGKAlt.J). jal.NP.B) 
WR)TE(A.9M0) !J. ZB t|.J). JaL.NP.S) 


0K1TEI«) 
0RI1EIM) 
ARITEIM) 
ARlTEim 
WRlTElR > 
RKITEIM) 


StI CONTINUE 
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69. C SINGLE P, MULTIPLE. T 

70. KEAD«2, 6901 HEAP 

71. READ(2l NFUEL. NAGENT. PHI2 

72. REAU12I ( (SC ( J.i > • J>1 .10) .icl .NPUELI . 

73. 1 ( (Sa (J. n tJal , 101 , l3l .NAGENT 1 

7a. REAUCS, ROD). NT2. N(1T2 

75. REA0(5. BIO) <VT2(n. lol.NT2) 

76. REAUIS. alO) P2 

77. NNT a N«T2 + 1 

78. RLAUtS. 820) (MVT(]>. jaZ.NNT) 

79. HVT(l) a I 

80. 00 60 lal.NHT 

81. 60 HVT(I*D = MVTtD + MVT(t + l) 

82. DO 70 iTal.NHT 

83. ITI a HVTim 

88. IT2 a MVT(IT) - I 

85. KEA0<2) (ZHU2( t ) , 1°1T1 • IT2> 

86. R£a 0(2) (ZgADOZni, laITI,lT2) 

87. REA0I2) (2A2{]>. lalTI.IT2l 

88. READ12) (2H2(I), I*lTliIT2) 

89. READ<2) (2SIGH2(I>. |«1T1.IT2) 

90. REA0<2> IZS2(t), t«lTlttT2) 

91. 70 continue 

92. V!RITE(a) NT2« PHI2> P2 

93. WRlTE(a) (VT2(l), 1-1. NT2) 

9<l« MKlTEia) (Z«2(i). 1>1.NT2) 

95. 7(KlTEta) (Z'H2(i)t 1*1, NT2) 

96. )»R1TE(H) {ZS2(1)» lal.NTZ) 

97. END FILE 9 

98. 890 FORHATI 12A6> 

99. 892 FOSHATdHl I2A67 IH . 12A6) 

100. 800 FORMATiaiSl 

101. 8l0 F0 RMaT(8f10.0) 

102. 820 FORMATiaOlZ) 

103. 900 FORMATdHO, 21S) 

lOa. 910 FORMATdHO. 10F1Q.3) 

lOSc 920 FORMATdHO, tOFlO.31 

106. 930 FORMATdHO, 15. F10.3) 

107. 990 FORHATdH • 5dS, Eib.S)) 

108. CALL EXIT 

109. END 
ENO OATA. 
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REPRODUCIBILITY OF THE 
ORIGIL'AL ILVGE IS POOR 


2, INPBTAFLOWS 

'iJBAtA.it ' . 

DATA T7 Ut/Z(S-iht2‘il3a 

1. URUN, /KNPT J«00>»SaXlOPOUCSOI>INPUlAFLOiatS.Z.iOO/£9a 

Zf W«&6. CALC» &OCT AND INPUT. .FUR. 2&Q2 

3. WFOH.IS MAIN 

?• C HF ARE MEAfS OF FONrtATIOH OF SEED COMPOUNDS 

UlKEWSiON AHAtHItSMWiHttHFCRr 

-- A. OJHtNStlJN MAtZR* . .. 

7* C aha are the Mff UF RZ.CSZ AND SHA ARE nO(.« OF SEED COMPOUNDS 

go HEAL Ktt.KO 

Vo real HaKCo HaVIMCoKACHCoHNSHCo MSnCo MOXHCoMOnCoMbMCP 

lOo : DATA AMH/7Soi!o7ti»Zo2ASoU2t26SoB2/SnN/13B«2»l7‘l«ZA».32S«a3.»3Alft09Z 

Do 1 HF/-27M96U»»>33D62 Uo,~2A7‘IUQ> *>3393000/ 

>2. 10 FORMAT I > 

13. 0 FOHHATI I2A6/12AA) 

. .. Do - 9 FORMAT J lHt» 

tbo ^RtTEfAoVI 

>6o 2D N&AOISo aoEHD39999MMAl D ol«l oZNT 

Do C KLAD IM fuel CUHPOS. as mTo PEKCEMT of carbon C • HVUKOOEN H« 

. .. Do UAYCiEN F02, NlTKOOEN FN2. SULFUR S .HQlSTUKCtASH _ .. . _ . 

tVo C HHV ANU SENSIOLL HEaT OF FUEL ON AS HCCEIVEU BASIS 

2Uo KLAOlb.lOl Co Ho,F02o FN2« So • FH20. ASH* HHV* FSH 

2lo C READ percent MOIST AFTER DRVlNS - AS FIRED 

— 22* KEAOIS. IUI0FH2O . .. 

23o C READ IN SEED TYPE 1« K2C03, 2 sK250«i* 3 b CS2C03 Rb CSZSOR AND wT*» 

ZRo C MULES OF MATER TO SEED MOLES IN SEED SOLUTION AMD AT* PERCENT 

2S* C OF SEED IN PRODUCTS 

2*0 READtb.lUl LaSC, KMS* » 

27* RBR/tUn* 

20* C RbAD IN mT. per CENT OF 02 IN AIR « 02 aNO MOISTURE IN AIR SUPPLY 

29* REAOCb.lUi A02. KUA 

.JU* C CALCULATE COMP* SUBSCRIPTS. OF . CHEMo-FORMa-ORY-ASH-J^ReE. FU£| 

31* Ci a C / 12oOM 

32* rit ■ H/loOOB / Cl 

33* • FOI « Fo2 / 16* / Cl 

39* F»1 * FH2 J iToOUe / Cl . 

3S* SI B 5/32*066 / Cl 

36, Cl • I. 

37* C FMh 15 MW OF OAF COAL 

,. -38*„. _ FMA B 12*01 ♦ loDUB.HI ♦ 16*» FBI f- lRoaOBa FNl-« 32.U66Q..S1 

39* HMVOAF BHHVsiUO*/l 10U*>FH20-ASHI 

2“* c calculate heatinb Value in kcal/kg* hole 

9I* HVPM » HMVDAF»2J25.H3/‘lt8‘l.*FMt!l 

92. HOF = hVPM - Cl* 99090* - Hi eU.S • .6231 7.* >Si— «-693O0* 

93* C calculate H20 ENTERING AS HOISTUKE IN YhE COAL AS HOLE RATIO TO 

99. C DRY ASh free FUEL LAMOOA 

9b. KLA »0FH20 /IIUO. >DFh2U - ASH) * FMA /18*016 

96. C. calculate mole FRACTION OF SEEP COMPOUND .|N . FUEL. H I A* . A3 

97. C a i */U * ♦ HLA J 

98. ALF aRWS • SKBIlASC) / 18*016 

99. D aU* ♦ ALF) • C 

5U* A3 a RoL* CFHN .* RLA • 18*016 ) / ( AMW.I LASCX_*K.«laB_FMt> _*U«KLAB 

bl* I 18*016 - SMW(LASC) - ALF •18*016 I) 

b2* C CALCULATE MOLE FRACTION Or COMBUSTIBLE a1 ANO WATER A2 IN FUEL 

53* A1 a C • 0* A3 

.. _ b9t* .. hi a Al» RLA * ALF* A3 

Sb* NFUEL a 3 

bb. NOXl a 1 

57* PHI a 1*05 

&*!• ZiQ..FoRHATIbX,*NFUEL*' .1 l0.bA.»N0XlB*...U.Q*5Jl.,2.EHIa.»_,FJD.2t71 

bV. WHITe«6,2l0) NFOLL.NOXI ,Pril 

60, II FORMAT I///IZA6/I2A6) 

61* WRl TE<6* 1 n OlAI 1 ) • lal ,2<1) 

82* 13 FORMAT 128X.16HFUEL CUHPOS I T 1 0M/2X ■ 1 IhCOHB. .HOLES * 9X • 6HCAKBQN »5A« 

83* 1 BHhYOHU(iEN * 7X ,AH0XYGEN,7X.8HN1 TK0GEN«aX,6riSULFUR ) 

69, «RIT|16.13) 

8b« C PRINT OUT Three lines of SECOND INPUT Sheet for 2S02 

66. HFW a .68317. 

$7. AKITEU.IO) Al.Cl.Hl.FOI.FNl.SI. 

8g* 19 FOKHAT(3X,25 hCOH8* HEAT OF FOHHaTION« • F9 * I , 3X , I 9HC0HB* OAF HHVa. 

89. I F9* I/3X, 19HHUIST* HOLE FH ACT . a . F 9 . 6 , 3X , 23HSEEO COHPOUNo HOLE FKAC 

i9»— — Z . . .3HT.a,F9*6/3X,l7HCQMB. HQL-WT LWC » a,,F-9,«U 

71* «HITE16.19) HOF.HHVOAF*AZ,A3,FMw 

7Z. C CALC* MOLES OF MOIST* BROUGHT in WITH EACH MOLE OF DRY AIR EPS 

73, EPS • R«A /IB.D16 • 28.9703/ tOU* 

7 H, A_a I . / ( 1 . ♦EP3.) 
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7b 

76 

77 
-7a 

79 

BU 

Hi 

H^ 

83 

84 

85 
B6 
87 
BB 
89 
9U 

91 

92 

93 

94 
9b 

96 

97 
9b 
99 

iOU 

lUl 

102 

103 

1U4 

10b 

106 

1U7 

lOB 

1U9 

no 

111 

112 
113 
i\H 
11b 
116 

117 

118 
119 
12U 
121 


124i 

12b« 

126< 

127, 

128, 
129, 
13U. 
131< 

132, 

133, 

134, 
13b, 

136, 

137, 
138i 
139, 
14U, 
141c 

142, 

143, 

144, 
14b, 

146, 

147, 
14B, 

149, 

150, 


PEK HQL or DHY AIR ROA 


C 

c 




a a U* ALP) ♦ A 

calculate hols up 02 

A02aA0?/ia0« 

«0Aa(AO2-*2319 1/ ( 1 • -A02 ) •28« 9703/32* 

E « (1. 4- EPS) /(!• + KOA + EPS » 

CALC* HOLES OP SEED COMPOUND FOR EACH HOL OXIDANT 87 
B/ c R«E*Ao<2B«9/U3 f EPS«16,Ql6 4 'Roa« 32 a ) / ( aH» 1 L ASC ) * R«(E*B« 

(2B«97U3 ^£P&«lBaU16 f ROA ft 32a) -»SHUi 1LASC4<.--ALF ft iB a016 )) 

CALC, dKY AIR mules PER UAiOANT MOLE • OAH 
DAM a F ft (A - bft B7) ^ - - 

CALC, INPUTS FOR OXIUANT IN 2502 

HI c a*2p79ft DAH ^ 

B2 a U,7b’J3 ft DAH 
B3 a D»UUU3 ft DAM 
H4 a 0«UU9b ft DAM 

BB =«0A ft DAM - - - 

C The hoist, assoc* with air is sep.aRateo from that with seed since 

C THEY ENTER IN DIFFERENT PHASES 

B5 = EPS ft 0AM 

B6 a AlF • B7 - * . 

C PRINT OUT NOb. NEEDED FOR 2b02 

HC02 = -94D4U. 

HUS a .57760* 

— 15 FURMAT(23X,19H0AIDANT COMPOblTIUN /12H 02 HUL FRAC» 2X»11HN2 HOU F 

IRAC,2X, 12HC02 HUL FKAC, 2X*UHA MOL FRaC, 2X,14nbEED HOL FKAC > 
WR|TE(6,iS) 

;iKlTE(6, lU) B1 ,B2«B3i84,B7 

FORMAT! JX,22hM0l FKaCT. OF VAP^H20= ,F9a 6 • 5X ,22HMUl^f KACI. ,0F^.LIQ- H2 

10a ,F9*6/3X,23HnOL FRaC OF U2 ENR1CM«> ,F7«6) 

WR1TE(6, 16) Bb,B6 9&a 

C BEGIN CALC* OK HASS FLOW RATE RATIOS 

C XS'lb THE STOlCHlOHErKIC HOLES OF OXIDANT PER HOLE. OF FU£| 

C FIRST XS GIVES 02 ReuUIKED BY cOHB* * CaRBONATE SEED IN FUELft OXlu 

SM a O* 

IF (MOO(LASC,2>.EQ*0,I SH a 0,5 

XS=(AlftiCl ♦ 0,25»H1 - U,bftF 0 I_ft S 11-^ 3MftA3Jja.ti Sn«b7J 

C CALC, MOLECULAR WT OF OXIOANT DMW 

OMW a dam ft28.97U3 ^ (Bb +B6)ft lB«Ui6 ft B7 ftSHll ( LASC ) ftBbft32 
17 F0RMAn3X,22Ht10L FRaC OF AlR ( N A ) « ,F9 • 6 1 3X , 1 9HHUL FRAC OF 02 (NOA 

i •2Hla,FV,41 

WKIT£I6,17) 0AM,B8 

C RHkP IS THE HASS RaTIO OF RECIRC* PRODS, TO DUcT FLOW 

KEAU(b«lD> NPHI, RMHP 

DO lUU i alfNPHl 

c calculaIe mass flow Ratios for input eouiv. ratios 

KEAU(b.lU) Phi 

C RHAP IS RATIO OF SUPPLEMENTARY aIR TO HG 

RHAP aO. . 

c calculate mules of seed supplied for each hole of oaf combustible 

SHCH a|A3 ft XSftpHIft B7) /Al 
HvtbHC a SHCH ftRWb *lB*Ui6 /FHW 

MSMC a bMCH ftSMWlLASC ) /FHtt _ ... 

HAHCa DAMft2B,97U3 /FHW • XS* PHI /Al 
HmCMC a WLAft 18*U16/FHW 

C HOXMC HaY not be correct RMRPftKHAP>Oft 2/2D/7B OQH 

H0XMCaH0A«3Z./2B,9703 • HAHC . _ 

HAttMC aJUft NiVA/iOU,)ft HAHC 

HliHCPa(l,+ HAWMC ft MwCMC ft HWSHC ft MSMC * HO XHC ) / 1 I * -RHKP 1 
IF IPHI *LT. 1,1 RHAPaU •05-PHl J/PHI ft H A WHC/HGHCP / C 1 • -‘RMKP 1 

_ DO 4U Kai,lb _ 

KHA*<aMAi<HC/MGMCP 

HAWHC =U,ft RWa/IOU,)* HAHC - R HRP ft RH aP ftMGMCP 

HGMC an. ft MaWMC ♦ mwchc ♦ mwshc ♦ hshc ♦ M0XMC)/I1,-KHKP) 

IF ( AB5( (HGMCP-MGHC)/HGMC)*LE,.0001 J .GO ,tO„J12 

WKl TE I 6, lUlHGHC ,HAWMC 

40 HGHCPaMGMC 

41 FORtlATUHU.’HGMC ITERATION HAS nOT CLOSeOM 

._WR1T£16,HI ) 

42 RHCaU/HGMC 
«HA«aRHCftMAWMC 
RHS aRMCftHSMC 

RHWCaRMCftHWCHC . 

RHWSaRrtCftHWSHC 

RrtCbaHMCftRHHC 

RMOXaRnCftHOXHC 

2 F.0 RM A 112 b X , 2 I H HA 5 S_,E L 0 W . R A T E^R A J 1 0 S / 3X jLSKRhU bAi iHXSSa,F9*&) 


tSl4 
ib2. 

Ib3« 

lb5. 
i E>6« 
lb7t 

.iSb« 

lb9« 

t6U« 

161. 

.162* 

I 63 « 
16^« 
16b. 

166. 

167. 

163. 

169« 

170. 

171. 

172. 

173. 

• }?!:-- 

i?§: 

.170. 

179. 
100. 
101 . 
102c 

103. 

1B9. 

16b. 

106. 

lB7o 

160. 

169. 

190. 

191. 

192. 

193. 

190. 

IVb. 

196. 

197. 
196. 

199. 

200 . 

2U1 . 

202 . 

203. 

200 . 

20b. 

206. 

207. 

206. 

209. 

210. 
211 . 
212. 
213. 
210. 
21b« 
216. 
21/. 
210. 
219c 
22U. 
221. 
222. 
223. 
220. 
22b« 

JtZ6ji 


cia 

CI3 


1.0 

0.0 


iHOl Tb;(6i22) PHl.Ab 
6IUl£(6f 231 

23 FOKHAT (bX.0HRM0X.9X.0HRMKP.9X*0HR«API 

2<J" FURMAT*bX»HHKHAi»9X»3HRMCi lOX o'3HRMSi;'9'XTirHR'«*CTTiUTpni¥H¥57'?HT^ 

1 I 

.lUO WRlTEtillOJ KMAWf RHC. RMS e RMKC.»~RHWS.»_RH£.lft 

HUMCh I 1 . (HA( I I • I«1 »2HI 
20D rORMATC2l2*Fia*2) 

PUNCH 2U0tNFUeU»N0Xt .PHI 

_22a..F0RHATj5Fl‘l.bl — •— 

PUNCH 22U.A1 .Cl .HI .FOI ,FN| 

All » n.u 

cstio D.a 

Kll a Q 

PUNCH 220.SI .Al 1 .CSII ,K1 1 .HOF 
Ct2 a U*0 
Ht2 » 2.0 

F0I2 s.1.0 _____ 

FNI2 a U.O 

PUNCH 22U.A2.CI2.H12.F0I2.FHI2 
SJ2 a u,(j 

H0V2 » '•68317.U 

PUNCH 22U.S12.AI 1 .CS11.KI1.H0V2 
IFICASC .CO.l .UR* LASC *EQ. 3) 

(FU.ASC .NE.i .and.. UASC *NE. 3) 

H13 a a.O ^ 

IF«C13 .FU. 1.0 ) F013 » 3 

1F(C13 .N£. l.U > F0I3 a 9 

PUNCH 22U.A3.CI3.H13.F0I3.FH12 

IF(C13 .EU.O.O), SI3 a 1.0 — 

1MC13 .NE.U.U) SI3 a 0.0 

IFtEASC .EO. 3 .OR. LASC .£0. 41 
1F(UASC .HE. 3 .ANO. LASC .HE. 41 

... IF1CS13 .to. 0.01 <13 a 2 

lMCbl3 .HE. O.Ul <13 a 0 
PUNCH 220.S13.A1 i.CSI3.K13.HF(LASCI 
F0I4a 2.0 

.. FOlb a U.O 

OUHl a U.U 

PUNCH 22(I.BI.CI2*H13.F0I4.FNI2 
PUNCH 220.SI2. Al 1 .CSl 1 .KU .OUMt 
FNlba. ,2.0 , . . — — 

DUH2a n.u 

PUNCH 22U.B2.CI2.H13.F01S,FNIB> 

PUNCH 22a.SI2.All.CSll.Klt.0UKl 
CU a l.U 

FOI 6a 2.0 

DUH3 « -94040.0 

PUNCH 22a.d3.C16.HI3.F0t6.FNI2 

PUNCH 22U.SI2.A11 >CS 1 1 .<! L »00H3 

7 a 1 .0 , 

PUNCH 22U.B4.CI2.H13.F01B.FNI2 
PUNCH 220.S(2»A17«CS11.K11,0UH1 

.. OUHb a -S776U.0 

PUNCH 220.8B.C12.HI2.FUI2.FN12 
PUNCH 22a.St2.All*CSll,<II.0UKS 
PUNCH 22a.U6.CI2.Hi2.f012.PN12 


CS13 > 
CS13 


2.0 
• 0.0 


.PUNCH ,220.51 2i All .CSl l.Kll .hOtf 2 

PUNCH 2Za.B7.Ct3.HI3.F0l3.FNI2 
PUNCH 22U.S13.A11 .CSI3.KI3,HF(LA5C1 
(jO to 20 

9999 continue - . . - 

STOP 
END 

WHAP.SIX 

LIB LIBRARTaFtlRTHAH . . 

WHDG.P TEST CASE 
biXUT 

PHOO. OF PPS COAL 6Ab - L0« BTU GAS 

AIR WITH .639S HOIST* IS OXIOAMT. 

29.30fB.03.46.61. iy*06tO..U..0..5960.77.0. 

0 * 

1 . 0 * .0 

_20o J.9.illt6.3 9 
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3. CHRDUC2 


leMHODUCT 

1 

2 

3 

4 
b 

B 
9 
lU 
1 I 
12 
13 

_ 14 

lb 

16 

17 

IB - 
IV 
2U 
21 

22 

23 

24 
2B 

26 

27 

28 

29 

30 

31 

32 

33 

34 

3b 

36 

37 

_.. 2 « 

3V 
40 
4 1 

42 .. 

43 

44 
4b 

46 

^4/' 

48 

49 
bO 
bl 
b2 
b3 

b4 

bb 

b6 


PKE.CISIUU 0-2) 


N, 


HUB, KP. K» Hb* 


•CHKDUC2 

Implicit oouhle 

luTcbEK htAD 

EaTL«NAL FUr*cT2* P;drtt.«FUNCT3 
DUUbLL PKEClblOn NA* NC» ^0» MU 
I LMdDAl, LfU5i>A2 

COMMON NT » NP « H£AU(24)tt . » 

1 Vf(bU)« VPlbOlt 2ilUibU|bU>» ZwlbO^bUl* 

2 ZSlbHA(bU*bU) , 2SlbU,bU), 20 ADO C bU ,50 ) . 

. ZiOV FOKrtAll’U* Jtt^PUMP^EFKICItUCYs* ,F8.6» 


ZH(bU.bU> > 
SC( iOi tU> > 


stmu.iO) 


I • KATtO OF COAU TO CHAK HEAT V ALUE« ' * F 7 J uTi.vf>i,\ yUAi 

OIMtNSIUN TU301 .HH( JOI .HHOKHOl jOj • 5S < 3U J . T TRY ( 2U J ,K TKT t 20^ . 

1 Rii( 36 )oPl 36 ) iT 136 l»blbMA 136 )»Hl 36 )fRH 0 i 36 )»! 1 Ut 36 itU 136 ii 

2 St 36 | tNOol »BC 36 ) »MUB( 36 ) •VK 136 ) t v t 

DlMbNSlUW Di^bl/lf 0S<7)» Pb(7)# PSfe.l7»t P0C71t tTA(7) 


COMMON^ / CUM T2/^ HA f ^ S^lJ? T I 3?? • V Tnil (31 ) ,RttA*KrtAPl tH2»H0XT(3l ) • 

I VftHtbO) •KHOX .rtHAAtRMKP •VaTlbU) iWal 

COMMON /RtPH/HbTACK*TbTACK»PP(3U) *HRE 
.. DIMENSION LTAul(U^)* LTAB2(24) 

OlMENbtUN PS£TAG(7)« PSEPAU(7 )_i CETA(7)t 


DATA 


1 

2 
3 

_ .4 

. b 

1 

_2 

3 

4 
b 

1 

2 

3 

4 

“b 

6 


DATA. 


PKAT / 
6,U3B00« 
b.Bb3Ul • 

3. IUU02« 
1«2{H4D3« 
3.VHUD3, 

phat / 

B«4 t IDUt 
b •bA60 1 « 

2 . 121 U 2 * 
6.U1VD2* 
l«4lBUD3t 
pkUXT / 
3«330Di 9 
2*4bbD2f 
1 «UU38D39 
2.VHBD3, 
7428203 * 

DATA LTABU3H1 

3hV 93H1U / 

LTA82 / 3H4U0 
3H407 » 
3 H 4144 
3H421 » 
UAH6 / 


DATA 


220VoOo 
9*46900* 
/ 49 b 3 ul • 

3. V60J2* 
144994D3* 
4.72003 / 

.4BBBD0* 

1 . 229601 • 

/. 17301 4 
2 . 56602 • 
/.U2Qu24 
1 .613203 
1 .baubDOt 

4. V&601 9 
3.2U0U2* 

1 . 225203 * 
3.BU403. 
d«330D3 / 

f3H2 t3N3 


.b41200» 
1.432701 * 
l 40667 l> 2 » 
b.U22D2. 

1 «B3B6u3 t 

1.UB9000. 
i./ 4 l 30 l 9 
9.09BD1 • 

3. U8102* 
8.14802. 

4.UOboO j 
7.14601 9 
4. 114029 
1. 483903. 

4. U9203. 


I.lJObDUi 
2. iijBDl . 

1 . 413 BD 29 
6.32402i 
2.23/03. 


PSEMriUl71* VETAS(7) 


Zt i 2 uoa» 

3.UIVD1 * 

1 .dB 36 U 29 


7.91502. 
2*7 1303. 


3.6B3dU» 
4.24101 • 
2.4U802* 


Z.OObOOt -'^•44 600 .. . 

2* ‘lUlDl • 3. 169400. 


I .140302, 
3.67602. 
9.41402., 


l. 4 lblo 2 fl 

4.3b7D2. 

1 9 .u 834 o 3 « 


7.62900. 1.324401 . 

1 o0036U2. 1 .378002. 
$ 02240 :!. 6 .b 6 UD ^9 

1.784403. 2.13103. 
4.75603. b.bU3D3. 


9.84BD2. 

3* 27603 » 

-b.b 26 pa*^ 

4.28200. 
1.74UUU2. 
b. 13bU2. 
,1.241703. 

2.1b3pl. 

l.Ubb402. 

8. lB102i 

2 *b 3 U 03 « 

6.34403» 


.3h4 


i3H5 


> 3 H 6 i 3 H 7 .laHB • 


3h4U1. 3H4U2. 3h403. 3h 404 . 3H4Ub. 3H4U6 1 


3H408t 
3H41b. 
3H422. 
3Hb • 


LAllb» 

IN Ob 

loor s 6 .. . - 

MZDIH = bO _ 

TbHP c i,2^^^2^^Z^2a^ 

DU 10 l>>U3l 

VTHWTd 1 = temp , 

*• 'TEMP » TEMP + 5.5bbS5&585bUl 

10 COMTIMUe 


3H‘idV. 3H‘)10« 3H‘UI> JH'il^t SH'llii 
SHtuI 3H‘«l7._3H‘U8.._3rt*U.¥.,_3HM2D., 
3H*»23 /. „ ■ 

3H6 /» ZERO / U«OuU / 








sBPRODUcrBmrry of the 

ORIOINAL PAGE IS POOR 


1 / 


57 

be 

^ by 

60 

61 

62 

^63 

64 
6b 
66 

6 7 

6B 

69 

70 

.7 1 

72 

73 

74 

75 

76 

77 

78 

.79 

BO 

B1 

B2 

B3.__ 

B4 

65 
B6 

.87 

Bd 

89 

90 

91 

92 

93 

94 

95_ 

96 

97 

98 

99_.. 

lUO 

101 

102 

1U3_ 

104 

lUb 

106 

107... 

lOB 

109 

110 

111 

112 

113 


TOLBIS - U0E«3 


TAMB 
. PAMB 
K6‘A 
ETAC 
WA - 


2BQ«3 

a 1 • 

s *00639 
0*9 

2a«970 


JbTACK.-= 0*0. 



□ PIN 
DPCO 
OPAP » 

„DP5b - 
OPPK a 
OPINJ 
OB a 2„ 

_KU .= ..OcBZ 
BO « 6.0 
C a 0* 10 
LhBOAl a G«Ub 

-LMB0A2 s Q«l — . 

ETAU a 0*8 
F « 0*005 
ETAG a U.984 

..ETAL a U«985 

PAUXPl a 0.015 

OHA a 0.0 

RbAPi a KWA ♦ 1*0 

_KP a .101325.0 - 

R « B314.69/KP 
RLH a 1*0 * LMH0A2 
CALL SETUPCPHI) 
.^REAl)UN*2llUNUhBER . 

DO 9U0D NUMBE=1 tNUMBER* 1 
1 TEKATaU 


1 TE^AT^U 

CALL PRtt.lH(«MA«<«KMC.KH 5 ,KMWC«KMWS,RKCW,KMAPtKMKK.RM 0 * t 

I HHVOAF,XS»wC,NC,NA, HERAT) • - - - - • 

READ( lN,2l0U)PHUNipr0T.TC0MB,PC0MB.U0,TbTACK,RtClRC 
IF(PHI .EQ* PHIIN) hO TO 102 

III f • T n t i 1 ri k *** 


consistent — 
IS INPUT 


WRITE! tOUT.aiUU) 

JJ.QQ_FORMAT (//. ..35H PHI AND PHIlN ARE NOT 

1 3 Bh check if PROPER DISK FILE 

2 t2 UH RUN terminated ) 

STOP 

_IQ2 CONTINUE . ... 

RE AD UN. 2 100) KHEMC , RH AMO ,HEXH , T AP . TCR .RCOCHh 
WRITEIIOUT. 220U) HEAD 

WRITE! 1 OUT. 2210) PHI IN.PTOT . TCOMO » PCOMB «U0 .RHRP . RHOX 

WRITEUUUT.Zl I3)KECIRC.KC0CHH 

WRITE! lOUT, 222U) RMAtV. RMC. RHb. RMWC. RMWS. RMCw 
WRITE!lOUT, 223 U) WC. NC . NA, HHVOAF. XS. TSTaCK 
WRITE! I OUT. 2260) RMGMC . RMAMb .HE AH . T AP« TCK 

READ!IN.21IIJN8T. HERAT. TPKE 

REA0!IN, 2121) !VBT!I), l=»l.N8T) 

HEADilN. 21211 IVtirt!!). lal.NBT) 

READUN, 2121) !V8H{1). 1-1. N6T) 

_REA0UN._23.2.U_.lVaS(U .. .1 = 1 .N3T1 

FORMAT! ) 

HEHAToHERAT+1 


, //. 

.// 


KMAP 




2121 

lOH 
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[ 


1FUTEKAT*6T*U)H»0 to ‘♦60 

IF(KMAP •GT. I #L-3U Jlip INU 

H&T ACKsb I N I PA C Vol tVart«TbTACK»N6T> 

rtNGP * KmAP -► i*o 

KHA w RMArt / KV\APi 

TMH^ a TCOMB 

. pp (H> = PCOHU „ - 

PPCn a pAHu* < 1 t N ) 

PP ( lU J = PAMii 
r r ( lUJ a TSTACK 

a HSTaCK ^ ^ 

PP(J) a {UQ + OPCO) 

DU 1 - f I mfl4>!)PAP ) 


pp(*n 

PP(3) 

PPUU) 

PP19J 

PP(B) 


ppj'i!) = U.0«K)PAP) 

PPiV) = (UU + DP:>b) 

_PPIB) = tl.U + DPPK) 

PP(/> = li*U+OPlNJ> 

TH£TAa?i.JS.VB*HMVOAF*HCOCHH 

.S 5 -" ‘ 

^PKOX as*lMTPA( VTrO'^T »PR0XT fTAttd«3n ♦PP<2 I /PP n ) tam« ^111 

HH i 1 ♦ = HAHG'5‘S I NT PA ( VTHfJT tHOXT a T2 *31 I •HH0X/RHA6 ♦ hST ACN/ 2325 o 9 
i HHRP/KMAVi 

H2 a HH( 1 I , , , ■ 

T 1 < i » a FUNCT3 (hH( I J ) 

CADo=. 996 
ErAJElali*15 
PPt l2)=PPl7)/a9Vb 
" ppi ib)app( 12J /.VO 
PP( l^iJaPPi lS»/.Vb 
PPUViaPPn2)*CA0J , 

■A2aKMAMb*HMGMC*KMC« IUOO/RMA'^ — 

»Vbat*2oKtClKC 
Vj3anZ^irvb 

C0NST=2/3®lb*i.2V29E-3 

CONVal .CI32&E6 

’^'Kri0V=C0HST /26b, ib 
RHa2=cnNsT/ibau 
KH0baC0NST*3U.H/ 1 2Q.b« I 700) 

KH03al/U«5/«KH0b*Vj3>*rt2/lRH0f*^3)} 

PiiACIHdIpPC . I*C0NV*«2«< 1#E»7)/IET AC*RH02 ) , 

POttJtTatPPI IVJ^PPi IbJ )AC0NV*wb*(l*E«*71/<ETAJtT*HH05) 

PCMAV^RaPCHAwK + PuACItt-^POAJET 

HH(2» a hHI U*^*CMAi^«/232b.9b 

HZ a hKi2) 

TT Ul»F0NCT3(HHi2> ) 
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T2 CALCULATION 

= ZT>>(^UAOU. IK**). PP**n, NZOIM. NT, WP . VT, Vp) 


rz e 29B.16 , 

H Ib tNTHALPy OK MlKfUHe PE« POUND Op HOIST Airt 

HCOHa»ZTp{2H,TK<*) .PPI*») .NZOlH.NT.NP.VT.yP) •. . . 

HAP ■ (5|NrPA*V1HWT,HAT,TSTACK,3l)i-KWA*SlNTPA*VTHlfT»HbT»TSTAC*Ct3.I.) 

*HAO n tSINTPKVTHrtT .HAT.T2.3U+ RftA* S InTPA * VTHrt T .H«T »T2 .3 I ) » / 

*(JAOOP B"o»**bJ6»nC»ftC»(OAOD/NC/ftC*l.KeDAl*THeTA)/lU!a5.U/R(iAPI/NA/ 

I XS/PHI/WA 

HA a KAU ^ QAODI^ 

HHi^l s: hAU>< I •U'^NMKP*H«AP/NHAAl*QAOOP-KM«P*«t1AP/Kf^AVf»(HA**HAP)<' 

,i . HMNP/KMA**i l*a-Kf1AP)»HCOMb/*232H*9a. ... . — ^ 

m s Hh(3) 

HlalbltCTpAl VtM*f IhaT iTCrt .31 )*H.Va* ISINTPa t VThfiT .TCKtil) I 1/ 

. I . H.iAPl+S»;NIPA(VdT*VbHtTCK.w8TI*HHRP/HMAit/232b.9b - 
□ AMAwR = (H2 - HH(2n • 2325. 9B 

ZTPtZH. TT(*n. PP(HJ. NZoiH. NT. NP . VT» VP) 

ShiH) = ZTP(ZS. TT^). PPC*t). NZOlNf NT. NP . VT. VP) 

. RHO«HO(H) a ZTPCZtt. TT(H). PP ( *U .--NZOl H .-^NT ♦ NP .-VT . . VP ) -o — 

1 PPC^n/lRsTTi*!) ) 

Rji n = I «u 
XU ) a U.u 
SU ) a SS(H) 

Sb<5> a Sb(4) 

u e u a on 

hHIb) a HtiiH) - a«&»uU)»um 

HlU a Hhlb) - * V -- -C"" * * 

TUb) a IZZ(SU). ZS. HU). ZH, NZUlH. NT. NP. VT. Vpi 
T U ) a TTi5) . . 

P6T a hZTCSU). Zb. TU). NZOIM. NT. NP . VT. Vp) 

- PPib) a PtoT „ 

P(l) a PbT 

SUiMAU) a ZTPlZblfartA# TU). P(l). NZpiHi NT. NP* VT. VP) 
KHoRHOlb) a ZTPIZrt. TU). PU). NZDIH. NT. NP . VT. VP) • 

. . . J P I U / «rt*T ( 1 ) ) . - * . 

KHOt 1 ) a HHOKHOIS) 

HUm a ZTPCZhU. TU). PU). NZOIH. NT. NP. VT. VP) 

PtaPTUT*.7 

WO ISAfE a b - ^ 

PMHO a ETAI * Pt 
K « KD 

OK a Q.U5 - 0«0J2b « PHHO « UUE-8 

BU ) a'’bO 

MUHt 1) a rf I 1) • MUU ) 

JbAFE a h 

PbS a PPC/) + U.Q8 > . . ... 

Mb « PE / CIZPZIZH. PbS. SS(9). ZSo NZOIM. NT. NP » VT. VP) 

1 HH(9> ) « (0*05 - K) I 

IFIHG oLE« 0*0} Hb a WQQ.U o pHHO / W3£9 

XbAFE.a JbAFt: 

2U1 CONTINUE 

ON a 0*0 
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22U 

229 

2JU *- - 

231 

232 

233 



23b 

236 

237 

23 8 

239 

’2*1D 

2Hl 

_2H2 

2H3 

2H*i 

24b 

^246 

247 

248 

249 

..2bU 

2bl 
2b2 
2S3 
. 2b4 
2£>b 
2b6 
2b7 

_258 

2S9 

26U 

261 

, 262 

263 

264 
26b 
266 

^267 
26B 
269 
. 27U . 

271 

272 
2/3 

_274 , 

■ 27b 

2/6 
2/7 
2/8 
279 
2BU 
2B1 
282 
283 
2B4 


lY j I 

04 s OSOKT < Hb/ (U ( I ) «RHO< 1) n • - - 

FXl « RHO( l)»Ui I i*F*2*Q/IEH n**2»Sl6MAU )*D4) 
MU ^ KMUU-K)/(U0-K+FXU 

OP = ID«J 
DP6r - iU.Q 

P6T a^lU.D 

KePLAtfe“np‘cAU. . n »'x'p(pm. 0» + T 

no 29U I-i*NP 

IF (PU) -b£« VPdU GO^TO 290 


I I 


I 


290 

C 

301 


30b 


315 


I 


325 


GO TO 295 
CQNTlNUb 

n ^ , 

-CONtlNUe ■ , 

P6T LOOP 

continue .EU. OJ 60 TO 3M 

ptltl a*tP6T-PP«7"n/0P6T»0P + PtjY-U 

OP a PCIY-I > - PUY-2J 
UN a N«1Y-H “ NUY-2J 

. FXl a FXIH - FXl 

60 TO 315 

continue 

lY a IY*1 

RtPLACE PX CALL « PllY) a PXtII. 01 

Hs‘a‘zpzUHl'plIY>, SllY-n, ZS. NZOIK. NT, NP , Vt. 

VP) — 

OHS a HS - HtlY-l) 

TEHP 3 2,0*C»OH5 + * J 

IF ITEHP ,6E. O.UDO) „ GO^TO 325 

AHITEIIOUT, 2310J lEHE^C 

60 TO 500 

UUY) = US8KTITEHP) 

OPOLU a DP ' 

DP a PI IV) - Pt lY-n „ — . 

NllY) = UN/OPOLO*UP + NllY-l) 

VAPY*FXIH, C0NVER6ENCE BASED ON N 

FACTX = B*0*KP*U#0^CU 

FACTN =: 0«5*KLH® U •U + Cl 
KT2 2.U«F 


3bi. 


CONTINUE ^ (FACTN«(NnY)*+MtlY-lH-C>“0H5 * HllY-n ■ 

TliVl » TpZCP(iY)« hIIY)» 2Ht N21) IMt NTi NP* VT* VP) 
RHO(IY) a ZTP<2'»1. T(IY), PtlY), NZOIM, NT* NP* VT, VP) 

S'l6«AllY) a" ZTpUSIOHaI* TUYl%~PTlT^)T"NZ'trrH, NT. "HP, 

VT. VP) 
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2B6 
2B7 _ 

2ua 

2BV 

29U 

291 

292 

293 
29*1 
29b 

296 

297 
29B 

.299 

3UU 

3U1 

3U2 

_303 

309- 

3Ub 

3U6 

3U7 

3Uti 

3U9 

31U 

311 

312 
Jl 3 
319 

315 . 

316 

317 
31B 
319 
32U 

321 

322 

323 
329 

325 

326 

327 
326 

329 

330 

331 . 

332 

333 
339 

335 

336 

337 
33a 

-339 

390 

391 


GU TO 355 


KOCIT) a 0SUrtTU16/(UUYJ jRHOUYn 1 • K09 

K s VKlIY-U * DK*DhS*KHO( I Y )/l0l3UU* 

v>;nYj = K ^ ^ ^ 

01 I Y1 = Ml Y-i ) ^ ^ ^ 

ir iPUY) .LE* 2*l)J BilY) » aUYl ♦ 

0B«OH5«kH0 (1Y)/1013Q0«Q 

px I^=^FT2 *«mO n Y 1 *0 ( I Y J ” / l sigh a < I Y ) •HD U Y ) *09 e 
bUY)»«21 

fain » FAIN - FAIOLU + FXl 

OLUNY = NUn „ . . 

NtlY) « K*ll.O-KJ/ll.a-K*FXl ) 

IF ( DABb I 0L0Nt“N ( I Y I 1 •Lf« l»0E“&> GU TO 3S»b 
jCNT » JCNT -1 

IF IJCnT .LE. 1) GO TO 35S . - - -- 

xtlrJ = op / ( u-o.b*FXiM-i.u> ‘ J 

)| • lbllY"l>»»2 ♦ a(lY>*®2) • lU 1 1 Y^l ) +U ( 1 Y 1 I I * 

" S<IV) I M t 1 M « PtIY)» NZOiHo ^ At i 

HbllYl 3 2 TP <2110, T(1Y)* P(JY1* nZOINi NT* NP * VT • VPJ 
NUSUYJ « HUUV)«B(1Y) 

UN 3 N( lYl - WUt-l ) - - 

IF*^(pTiYI .bT. PP17)> bO TO 36b 

HH17) » U*boUllY>o*2 ♦ H]tIY» i..t np 

Tbb 3 T2Zlb(IY)» 2S* hH < 7 ) • Zrt* NZulrt* NT* NP* . 

V T » VP ) 

P55 3 PZT«btn)* 2b# T5S# NZOIN* NT* WP * VT * VPI 
P6T0L0 » P6T ^ » vt 

P6F 3 £TAU*(P5S-P( lYl 1 . + - PilY). 

UP6T = P6IULD - P6T 

g « iU 

I g = 0 ■ 

IF t IP6T-I0«0*g) .Lto PP17J1 lu = 1 - 

CONVERGENCE TbST FOW P6T 
IV = iV^lU 

IF IIV .LT* 0) GO TO 375 

.. .. IF CUABSIUP6T) .LTi 1 •UO- 1 0 I- GO-TO-3/5. 

IF COAbb tpp ( 7 ) ^P6T I »LT. 0*UG5J QO TO 375 


CONTINUE 


IV 

IF 

- IF 

IF 

GU TO 3UI 


TO 375 


continue 

, . HH(6> 


DLDNG = HG 

Mt =« PtoKLH/iHH(9»-HHt71) 

IF ( UAbS ( 0LUHG7 M\i^I *0 ) *LT* 4 

KSAFE = XSAFE - I 

IF IKbAFt oLEo U) ,G0 T0-.90S. 

GO TO 2Ul KSAFE (FXll LOOf 


2*00-9) 60 TO 905 


HH(6> ss HU Y ) 

bb(6) = StlV) 

PP«6) p PUY) 

T U 6 ) a T U Y ) 

_Rr10KH0l6} RHOUY) 

HbSP = 2P2(ZHi P5b* SSI9). 25. NZoIH* 
ETAHHU « PE / IfiG* IHH19)-H55P) ) 
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JlVJiJ.l'VVI" 


TTi7) s: TPZIPPI71. /H* Kt * !1!p* Xt* Xpi 

iiJyi a ZIPIZS. Trt7)» PPi7)» nZOIM* NT# NP* VT# vPl 

KuiKHOt/) * ZTPtZii# TT17). PP ( 7 ) # NZDIM# Ml # IVP • Wit VP) » 

I PPJ 7)/(K«TT (7 I ) 

TT(6) = TT17» 
s:><8> = 5b(/» 

_ . . HHORHO I a ) = RHORHO ( 7 ) - * - - ' “ ' 

HH ( 8 ) a HH ( 7 ) 

IF (RHAP »L£t 1.0D-3QJ GO TO **25 -» » i ^ 

Rll OHa =(5unPA(VTH,^T# HAT* TTtU). 3U + 

SlNTPAt VTHViT*HliT,TTCd)t34 ) •Kif A ) /KnAPl-HARO 
HH(d) * <KHAP*DHA + 7 tRHAPjUOI 

TTb»^EW a SINTPAIV8H* HHCSj. ^81) 

IF lUAOSI TT (fl)“T raNbW) .LE# 0*1) GU TO Rib 

__ TTtai « TT8NE* 

r,0 ro ‘HI 

•U5 IT (bl = TraNE^i ^ ^ 

SS{^^} = SlNTPAlVbT. V8S, TT<d). NOT) pp , w 

RHO^HO^a^ s: blNtPAtVaT# VBW* TTttt)» N8T ) ♦ PP 1 8 ) / 

' i <H*rna») 

*125 HH(V) » Hn(8) - QAHArtK*KHArt/RMGP 

TUV) a SlN^PAiVBH# V»T* 

. ... SSI9) SINTPAIVBI# VBS# TT t9 ) * NflTl ^ ^ — 

rtH0KM0<91 B blNFPACVBT* VBfft TT19I# NBTI ♦ PP I 9 ) / C R»T I C 9 ) > 

001 a (1*0 - tTAl) • PMHO 

tgSU B MG ♦ RMGP • (HH I 9 )«-Nh ( lU ) J 
TZ a TCi< 

HH13 a blNTPA t VoT • V8rt*T2 #N6T 1 r ■> ^tii 

HhU3) = <S1NTPa t VThRT #HAT * T2 .31 1 R«A • S I NTP A t VTHtflrT #HiVt # TZ • 3 U 1 
I /RftAPl ♦ HKi3 • RhKP / RMA^ ♦ 2325*98 ^ 

HHlTbJ^a (SIwTPaC VTh»VT .hat #T2 ,31) ♦ K«A ® S INTPA I vf Hwf #HWT # 12 #31 I ) 

^OSO « *KMGHC*RMC*MG«< t 1 •0 + KMAMG) ® IhLXH-HSTaCAI-KMAHG* 

.1 <*tH( 15 1 - HAMb* } - 

OC a KMC » IHETA * MG 
a UMBDAI ♦ WC 

QS2 a lMHjAZ • PE 

PC a PCMA*»R » RMArt • MG 

"iFtlljAFt iLt* U* 60 TO HH6 

PSH^'^a ( ( 1 ?u-ETAG)»PC - OSO - WSI - 

1 ((1*0 / ETAG - I.O) « ETAbF-1 • l^'PCPEIAG .. 

PCAL a PSHH * U*0 - PAUAPU ♦ PHHD 

IFlOABSlPCAL / PTOT - i«D) .L£# 5#0D^3) GO TU *iK8 
)SAK£ a ISaFE - I 

__Ph a PE • -PTOT / PCAL ■ 

GO To t/U 
H*iB CUKnNUE 

TTHT i 1 TLkaT > =TT t 3) 

KTRT J ITtftAT JaKMRP ‘ 

IF( ITEKAT.EO* I )uO TO 46U 
TEbTaABbl lTPK£-TTt3n/TT(3)) 

IF<TtST*LL*o*UUu2U) ngKATalO 

IFUTERAT*Gt* lU*GO TO **56 

IF ( I ILRA r-2 I *ibO * *i50 * »*&** 

H50 HMKPaHHrfP/ I *2 
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399 

HUti 

9U3 

9D9 

905 _ 

906 

907 
9UB 

909 

910 
9U 

912 

913 
919 
91b 

916 

917 . 

9Kti 

919 

920 

921 ^ - 

922 

923 
929 

925 _ 

926 

927 
920 

929 _ 

930 

931 

932 

933 
939 
93b 
936 

.93> 

93B 

939 

990 

991 
99^ 

993 

999 

99b 

996 

99/ 

990 

999 

9bO 

9bl 

9b2 

- 9b3 
959 
955 


bO TO 9b6 

959 TESTs^AOSI TTKTtI ILHAT)*^TTKYC1 TERaT^I.> > 

IK iTE5T«»Lf *O*U0l n 0 TO 956 , . 

l«r*Kp-R > :y c I Tc.t<AT*-l n • C TPRe-TTKV C I TeRaT j > / . 

1 inRT Ci ItrtAT l-TTRYUTEKAT-in 

956 CALL PHELlWt»HA^.HHCt«KSi.RH0C*KM6S®RMCW*RMAP»RHKP*Ha0X* 

1 HHVUAFr ITEKATl 

(lO 10 IU9 

960 COMTlOUE 
|>K1TEII0UT«230Q1 18 

AHITEtIOOT.2iUYJL^AJET - .. 

t«KlTE( I0UTft2bUU)tTAD»£TA6»ETAl 
aRlTtl I0UT.26O01LH00AI ,LrtB0A2 

i»Kl IE 1 lOUT,270D>K »PaOXP 1 ftOHP3l •PCHAIAK »THETA *PHHD »P£ 

. ^ ArilTLI I0UI»30UUIC>PK.DB - • - 

EfAS 0*39 
OU 90U i(V=l»7 

ETAb = ETaO ♦ 0*0l 

- tlAbF = O.VVb • etas - 

KElAb ^ 1«D/ETA6 

VtTASiKY) = ETAb . ^ ^ . 

PSCaYI » C U •ii-ETA81»PC -6SO - MSI - 4iS2 - DW1 I*eTaSF/ 


PbElAVl 
OO&llCY } 
wbfAYl 
POfKYI 
ETAliCYl 


CRETAG«-1«0>»LTASF*-1«UI 

= P5IKY1 - PC«ETaG 
- PbttJCYl • KETAfa - PSEIKtl ^ 

^ 0*995 « C0()GIICY)‘»050'»'USl'Mjb2>DOII 
- I l.O-PAUAPl l^PSeiKYi— -K PlIHil . - ^ 

::= POCiCVl/QC 


960 COoTlNOt 

OUTPUT 

LPP3 = ia*u»ppt9i 

LA = tUO.U«A 
YV s lu*U»0KP3& 

Itf - YY ♦ 0^5 

KY 5= 10»a«CVY-lV> 

LUO = Ul I > 

LC ^ lOOeu^C ♦ 0»b 
LTT3 = TT19I 

LUO = Aiii 

RwKPrtG » KMRP»H8 
RhOXrfG » ttHUA«plG 
khAMlCb =: HtiAiit •MG 

. RHAMG s feHA»MG 


HMgPMG= fiMGP *HG 
RMaPMG ^ itKAP *HG 
RMCHG - KMC *HG 

HMCAHG = KttCO 

KMbOb - rt«S* KG 
RKwCtIb = fiMwC -HG 
MMmSMu » KrtwS »MG 

kHaKP = H^A^HG'^RMHPMG - * ^ 

HGKAMb » rtb ♦KrlAPMG 

<1«1TlC lOUT,2bUU) PPtU, imi»pp€2l«TTf2l .PPCaUTTCJl 
OHlTEC I0UT»2VUU1 PP{9>«TT(9l> PPC7 1 »TT 1 7 } vPPCBS »TI Cul » 

t PP|9),TTC9I» PPtlOl .TT(1DI 

.9KITECI0UI* 29201 

lYKlTEi I0UT>2929lPAriB»TAMU»HAMU.linAMHG 
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Hb6 

4b? 

4bW 

4b9 

460 

461 
HbZ 

463 

464 
46b 

466 

467 
464i 

469 

470 

471 

472 
4/3 
474 
47b 
4/6 
47/ 
47B .. 
479 
460 
46 1 
462 
4ti3 
484 
48b 

486 

487 

488 
48V 
490 
49 1 

492 

493 

494 _ 
4Vb 

496 

497 

498 
4 99 
bUU 
bUl 
bU2 
b03‘ 
bU4 
bub 

bU6 

5U7 

bU8 

bU9 

blU 

bM 

bl2 




KU i J ) 
» N( J) 


p( J1 » TCJI • 
MUb( J) t 


SlGMAl J) • 


48b 


blGHAC J) i 


0i>i 


1 HGHAMis » J = 6 I 10 ) 

*rtlTE(lOUr. 24301 
JY =: lY - 1 

ir (JY *Ll- 0) GO TO 4ttb 

vMlTEl lOUT .24 3b) ( L T Ati2 Ij ) . X IJ ) . 

1 H(J). KHU(J). U(J). HOIJ). S(J)( 

2 VM a I • b » J ) # J=5 1 f JY J 

, VM J ) . 0 1 J ) 

V S U*b O 04 • n o ( I Y ) <^1 .0) 

XV04 (XliY) + V) • V 
Ob = K0< 1 Y ) • 04 

ah a 04 • OH 

rtKiTE^tour, 2440) Mb» Hwang. rma;-mg. 

kfICHG. kWCGNG. HMbNb. NM*vCMG» KMfibNG. XVo4. 04, 

A4, Ab. WC. ETAMHO 

no 49u K.Y= I I 7 

PbETAGlKY) = PS!:UY)/ETaG 
PbEHhJlKY) = PSEIjCY) PMHD 
PSEPAUIkYI = PStlKY) • PAUXPl 

ClTaU^Y) = 3412. 16/£TA(KV) 

COM I NU£ 

iYHlTEU OUT .2460 ) 

iiW I Tfc ( I OUT .2480) (\/£TAb{J).J=l»7} 
white! lUUT. 24/DM wSU .J-i ./)» U51 .J“l .7 J 

1 , !u52. j:=l .7 ) . (UUliJ»l.7)% (DQGl J> f J=l .7 ) i 

2 (Obi J ) . J= I . / 1 t IPS i J 1 . J= I .7 ) . 

3 (PSlT AG I J J . J=» U7 ) , iPC»J*=1.7J 

4 (PMMl). J=i .7) . (PbENHDtJKi 

b tPOiJ).J=li7)MCETAiJ)*J=lt7) 

rtKlTE(lOuT.24VO)(ETA(j).J=I*7) 

CUN r 1 NUE 

Continue ^ ^ 

FuHMA T ( 8F I 0*0 > 

FOHMATi 12) 

FOHHAT ( oF 1 U. 0 ) 

F0HNAT(1h1» 12A6 / Ifi . n-vi'<'p' iuli? 

FOHHaMIhU. 6HPril = • F6*2. bX. 6HPT0T lPLl2.a. bA. 7HTC0Htt i 

1 UPrU.l. 5 a» 7hPCUW0 *=, F8.3, bX . HHUU « . Fo.2. 

2 /.IX./hHHKP a .F lU. J .bX.7H«M0X a . .. ouS •. 

2220 FORMATIImU. 6HRHA6 -* 1 PE 14. 6* bX. 6 h cV * 

1 FIH.6 /1h . ^»HRrt»*C E14.6, bX. 6 HKM 11 S «. E14.6. bX. 

2 NHKtICM ». Ll*i.6. bX, 6HKHAP rv uuma » 

2230 FOHMATMhO. 4H»YC = . PB.2. bX . 4HNC «. 

I bX. HHHHVuAF =. iPEl4*6 y IH 

Z~ 'lOHT(bTACk) =* . E19.6) 

2240 FORMATCIhU. 24H • • I T £R AT I ON ON T1 FAILED) 


490 


i,/Jt (PSEi J) #J*1 #7) • 

. J« I * 7J, I -i P-b t P.AU i- J 1 • J- 


4VV 

bOU 

2100 

2110 

2120 

2200 

2210 


»4. 
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22bQ PUKKATCIhU, 24h»* I TEKaT 1 ON UN T2 TAILEOt 

2260 FCKMAtUnUt 7»«HI1«inC 1PE1*>>6. bX.7Hf<nAHC 3tEl‘t>6, bA . 6HhkXH ■>> 

I El*f»Ai bx. IAP= dEIH. 6* 5X, 6H TCK aiEl‘t*6) 

2JI10 FUKMAT<tH . 6H HG. 1PEI3.6) 

2310 FUKHATt IHU/IHU, 'I2H*« CALCULATION OF FLUID VELOCITY INVOLVES > 

1 22HTAMNG SUUAHE KUOT OF . IPCl2.b« IHb /IH . SX » 

2 . 21HCUKKENT VALUE OF C = * E12*S< ... 

3 <»3h< HiGHtN Values uf c mill also be ionokeo* i 

2<)U0 FOKNATIIh . 2X, 2(IH>, 12). 1H-. 2|i, 1 h-i 1M>. 12» IH-. IN* 

i IH-« 111 

2HI0 FOKHATIIhU. 3X, SHINPUT/IHO. IOA. Brt PHI • FS.Z> 7H CYCLE • |2. 

1 NH P3 , F6.2, Hh T3 , F5.U.12H IPI-P3I/P3 • FA>2t 

2 3H U . F*I.O. 3H C . Fb.Z. 9 h LaMBOAI t FS.2, VH LAN0A2 t 

3 Fb.2 /IHOi 3 h K . Fb.2» Nh PE t IPEO.I. Hh P& , 0PF«>>2» 

9 6H ETAU • FS.2, 3h F • F6«3« HH TB • FliUt 3H H » r2«U> 

b Oil PC/HAY; . F7.0. HH pi . F6.2. MK Tl * Fb.U, *»H P2 « F6»2 

6 /IHU. <IH 12 , FB.U« 6H ETAO . F6.3. 6H ETaI . F6.3« 

7 iUH PAUX/PbC , F&>3, UH Ua/HAW f f 7*U« 7H THETA t IPE10*2 

, 0PF6.2, 6UH. F6.2HI 

2920 FORMATIIhU,//,UA* lOHbAb STATES •//. 2X 1 6HP0I NT • bX o t HP • 

I lUX, iHl, lUX, IHH. lUX, 3HttH0» 9X. I . V A , I HH . // > 

242b FURHaKIh • 2X> a3» 4X. F6«i3i 4A« FB*0. 4Xt F7*U> 4X« F7*4, 

1 4X, F7.1 .4XiFe>3l ... . 

2430 F0KHaT(1hI.I 2X. t&HGt.uCNATUH 'EblGN /1 hU»7h PuINT. 

1 2A. ANLLNoIH. 4x, 4HU/04. bX , IHP, 7X, )HT» 4 a. briSlaHAi 

2 7X. tHH« 7A> 3HKHU* 6A » lHU» 7X« 2HHU > 0X> IHbi 7Xi 1HN> 

3 6X. ‘IhhUco. bX> IHX> SX, IhBT .. . 

243B FOKHATUh t 3Xt A3p 2x. F7.3t 2X> F6.3. 2Xt Ffc»3. 2X» FS*l»o 

1 2X. Fo*3. 2X> FBaUt 2X« F7«4. 2X, F6«t* 2X> f7.4» 2X» f7«I» 

2 2X« F6«4t 2X« F 7 • 4 ft Fl>*3ft FG*2I 

2*140 FOKHATllriOft 3X, 2BHHASSFL0AS ft bCHEKATOK AREA 

1 /IH ft bX, 4H Hb ft Fb«3, 4rt HA ft Fb«3ft 4 h HAb. FU«3. 

2 4H rtb*ft Fbftjft 4M HA»ft Fft»3 

3 /IH ft bXft 4ri KC ft FB.Jft 4H HCkU Fb>3t 4H Nb * Fb«3ft 

4 4H HULft fo.Jft 4H HAb> Fb<3 

b /IM ft 6Aft IbH IX ♦ l)Hl • UH • F9.S. 3 h D4* F7.4» 

b 3H Ubft F/*4. 3H A*«ft F7.4. 3H AS, F7.4 

,, , 7 /IH ft bX, I2H THETA • MC . IPE12.5. OH ETAHHD , OPFO.bl 

2423 FORHATCIh , 2 A . A3 , 4X ,F6. 3 ,4X .Fb . U , 4 X .F? .U »22X ,4X»F 0.3 I - 

2424 FOKHATUH ,2a.3hU , 4X , F6 . 3 . 4X ,fB . 0 . 4X .F9.0.22X .4X ,F0 .31 

246U FORHATI IHO. 1 3X. IVhUVEKALL PERFORHANCE 1 

2470 FORHATI 1hH.4x,OhUSO ,3X.7E14.S 

. 3 . /iH ft 4Aft bHWSl ,3Aft7El4.B . . 

4 /iH . 4Xft bMUS2 .3X,7EI4.S 

b 7lH ft 4Xft bHUUI ft3X,7EI4.b 

b /IH ft 4X, bHUUG ft3X,7bl4.b 

7 /IH ft 4X, OHuS *3Xft7E14.b ... 

b /In ft 4A, bHPS ft3A,7El4.B 

» /IH ft 4A, OHPT ,3X.7E14.b 

I /IH ft 4A, oHPC •3Aft7El4«S 

2. .. . /iH ft 4X, OHPSE ,3X,7EI4ftB. 

3 /iH ft 4X, OHPHHu •3A,7Ll4.b 


2400 FORHATI IhO 


/IH ft 4A, oHPC •3Aft7El4«S 

. /iH ft 4X, OHPSE ,3X,7EI4ftB. 

7iH ft 4X, OHPHHu •3A,7Ll4.b 

/IH ft 4X, 0HPSE4PHHUft3X,7£14.S 
/IH ft 4X, OhPaUX ft3X,7EI4.B 

/IH ft_4X, OHP . .. ft3X»7Et4.5 

/IH ft *IX. OHHR »3Xft7E14.BI 

IHaTIIhO fttlHSTEAH plant ./ • 1 X • 1 OhEFF 1C I EHCY .7I2X ,F I2.2> 1 
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b 7 Ci 

b 7 l 

b 72 

&73 

B 74 

675 

b 76 

b 77 

b 7 a 

b79 

5bU - 

btii 

bb 2 

se 3 

bb*i 

bbb 

bb 6 

bb 7 

bbb 

bbv 

bVU 

bVl 

bV 2 

S93 

bVH 

S 9 b 

b96 

bV 7 

S 98 

b99 

6U0 


2990 FOKnAKlHO t7H0V£RALL #/» I X , I 1 HEFf I C ! E^CY *2XtOPFl2*9i 

..aSOuVoKMAttlHoI ixf i^Htf KlCtEMCItS / , SX , 8H0 I FFUSEH ,i2X,F10.H 

1 *bX • I bHKO TA r ING GENEHATOR *2X*FlQ*9 o / 

2 .bx*19HUC/AC INVERTER^. 6X,F10,9 ) 

2600 FORMAT ( IhO , 1 X 1 1 VMHEA r TRANSFER RATIO i / • 6X » , / Ait 

3 . J7HFR0M CUMBUSTeR TO bUBPUSED PLANT. F b » 3 i. V. -^dX f 

3/HMHD GENERATOR fO SUBPOSEO PLANT * » pb#^ } 


6X 1 
f 3 Xi 


27U0 F0RMAT(//«6X»29ii(^RICI|UN FACTOR IN MHO OOCT tk / 

lUripiuX/PSE -.lx;Fb,9,/.6X.I6H«Pi-PC0Hti)/PCUMB 
6 . 6A* 8HHC/MA« = 1 1 X * I PE 1 2 »b • /*6X 

/ 7HTHETA 5*»9X»E12*S i/f 6X*6HPHMU a»9Xi£l2#b t /i 

ZSUO^FORMAT ( IhO , 1 X^BriA 1 R^bl UE • 8 X«BHrOTAL « 3 X i 8 HPR£SbUR£ 

V ^//!Vx W6ilC0HPR£bb0R INLET t 3X»F10«9» ^ 

A 9X* 17HCUMPKL5SUK OUTLET t2X#FlU«9» i V • * 

S 9X.I8MAIR preheater EXIT • I J 

2900 FORM AT M HO ♦ I X • bHG AS SIDE *I9X.bHT0TAL « 3X »bHPKtbSUKE 

C ^ //I^9X t 1 HHMHO duct lNLET#l2X*Fl0.9tHXtFlO«9 f / 

0 13H0IFFUSER EXIT .13X.F10.9 . /t JX. 

. . L iJHlNJECTuR EXIT ‘ ^ ^ ^ ^ S ^ • 2 . 'e i n ^5 * V“njl" 

F IohAIk preheater EXIT t bX* FIO.9 • 

G 2bH80TT0MING HEAT EXCH. EXIT ilX •F10#*I •*IJ*FlO*‘t ) 

3000 FUWMAl ( I hO » HX » 3ttC » * I X # F8 • 9 # / » bX * 9HDK » » I X • F b • 9 i / » bX » 9H0B 

1 IX,F 8*9 ) - 

9000 CONTINUE 

continue 

CALL EXIT 


»3Xi 

9X, 


PKT.5C PCF.DBLFFF , 
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4. DQHDUCT 


hhpouct 

1 

2 - - 

3 

H 

5 

6 

7 

a 

V 

HI . 

11 

12 

13 



lb 
lb 
17 
lo - 

19 

20 
21 

22 

23 

24 
2b 
26 

27 

28 
29 

3U 

31 

32 

33 

34 
3b 

36 

37 

3B _ 

39 

40 

41 

42 

53 
44 
4b 

46 

47 

48 

49 

bo 

bi 

52 

bj 

54 
bb 
56 


• OCiHOUCT 

IttPLlCir OOUriLL PKEcIblOW lA-M. 0«Z1 

. . - iNlLbta HEAD ' “ “ . - 

EATtHNAL FUNCT2. P6Ke,FUNCT3 

DOUBLE PKEClblOH WAt NC* KO» HU, M, HUB, KP, K» «G, 

1 LH8UA1, LHBUA2 

^l^^””^^VTl50U^Vpl55l?^ZHufbuIsUl, ZAlBOobOl, smMO 101 

2 2bI8HA15U,bUI , ZS(bU,b01« ZQAOl) < ba,5(i 1 « SCilOvlUl* SUllUtlOl 
DlMhNSIur^ VB^CbUl « VBblSUI 

DlHENblOW TUiUI qHHUOI .KHOKHOC 101 .SSIlUl • 

1 il99) *RDC9VI .PC99) •TlVV I .SIGHA 199 1 oHC991 .HHlKVVl ,HUi99|« 

2 0199) ,51991 ,N199» •BC991 ,MUBC991 ,VKC99I 
OIHENSIUN 00bl7lt US17)t PS171* PSE171, P017I, ETAI71 

DlBtNSIUN PRuTlJl) •PttAT131) •PK0AT131 1 ^ 

COfIHUN /C0MT2/ KAllBl), HAT 1 3 1 1 , V THAT 1 3 1 1 ,R«A «HbaP I tHZ ,HOXT 1 34 ) • 

1 VHHl bU ) »kHOA , RMAbi tHKHP « VBT 1S0 )*HbT 

COHHUN /hEPK/HSIACK^IbTACKiPPClUl gHKE 
, OIMLMSIUM LTAlilllUl ,LTA0214ll , . 

OlMtNblON HS£lA<3l7l. PSEPAU171, CETA171. PSf.HriO 1 7 > . VlTASI?) 

DATA PHAT / ,22U90U, «ib412D0, 1.13USD0. 2.l2UD(Ji 

|,4327Dlf ZolO&Olp Z.UlVill. 4,24lUlt 

la0667uZc^ 1 ,413502^ --1 •OS-28D2, 2*41)80Z.« — 
5302202. 6 o32402p 7.91502, V.B^aoZ, 

l»B3b6u3. 2.23703a 


1 

.2 

3 

4 
b 

OATA 

1 

2 

3 

4 . 
b 

data 

1 

2 

3 

4 

5 


6.O3B0U, 9.46900. 

b.65301 « 7.95301 • - 

3.iU0D2f 3.960D2. 
1.Z1B4U3. 1.499403. 
3.94003. 4.72003 / 


2.71303. 3«27603t 


PHAT / 
B.4UDU. 
b.5B60l . 
2 . 12102 . 
O.U|9d2. 
1.418003, 
PKOAT / 
3. 33001 • 
2.4bbU2. 
1.003803. 
2.9«bD3. 
7.28203. 


data LTAB1/3HI 


.4d&oua. 

I .229801 . 

/« 1 7301 * 
2.566U2. 
./.U2002, 
1.613203 
I.daoboU. 
4*95501 • 
3.20002. 
1.225203, 
3.50403. 
0.33003 / 

»3H2 .3}i3 


1 .0590110. 2.0U5DU. 
t«7413ui • 2.40101* 
9.09501 • 

3«b8l02. 

B.14B0Z. - 
/ 

4. JUbuO. 

7.14601 • 

4. U4o2. 


3.4460U. 5.526UU. 

3.16V4UO. 4.2BBD0. 
1.140302. 1.4151U2. 1.74U0D2. 
3.676D2. 4.357D2. 5.13502. 

9.41402.^ .1.0B34u3i. i«Z4l7ll3.. 


7.629UU* 1.3244olo Z.tb3Dt* 

1.U036D2. 1.378002* 1.855402. 

5.22402* 6.56002. B.tSlOZo 

1.483903, 1.7844U3. 2.13103* 2.53UD3. 

4.U92D3* 4.75603* 5.5U303* 6.34403* 


♦ 3H4 


i3HS 


9 3H6. 


i3h7„ 


i3HU 


i. LT»B2*/ 5«l'iU0. 3 hH0». Jh'IUZ. 3H‘<a3* 3HHQS, 3H*iU!>> 3«SU4» 

3 3M‘*oa, 3H^09. 3 hMI0. 3H‘>11« 

*t 3H*U'<i 31141b, 3H41&, 3H417. 3M4id, Jh4tV, 3H420g . 

b 3HHZl*3H'«22.3H4Z3.3H‘{24,3H42&,3H*tZ6,4H‘JZ7,3H;Z8. 

b 3H429,3 h430,3H431 ,3h‘I 3Z . 3H423 • 3H434 ,3H*l3b .3H436, 

b 3H437.3H438,3H439.3 h44Q /, 

A LA6S, UABo / 3M5 , 3H6 _./■ ZERO _/_Oj.OOO_/ 


Iw = _ 

lour « 

N20IM 
TEHP = 
OU Hi 


= bO 

2.22Z222222202 

1-1.31 

VThHTtSl s TEMP 
TtMP = TEMP ♦ 5.555555555501 

10 CONTINUE . . ^ . - 

rULBlS l.DE-3 
TAHB « Z88.3 


9-320 


b7 

b8 

b9 

6Ci 

61 

62 

63„ 

6H 

6b 

66 

67 

66 

69 

7U 

71 

72 

73 
7H 

75 . ... 

76 

77 

76 

77 

BU 

B1 

B2 

63 

bH 

6b 

66 

6/ 

6U 

67 

90 

71 . 

V2 

93 

9^ 

95 

96 

97 

98 

99 
lUU 
lUl 
102 
IU3 
lUH 
tub 
106 
lu; 

1U6 
1U9 
I lU 

111 

1 12 
113 


PAMB = K 
Ni.A = •UU639 
EfAC = U.9 
HA s 26 » 9 70 
IbTACK s= 0,0 


□ PIN 
OPCO 
DPAP 
OPSCj 
OPPM 
OPINJ 
UO a 2 


i02 

0.0b 

U.U3 

ii»06 

U.U6 
s U«0 
»U 


AU » U.62 
BU = 6.U 

C = U.IU . . 

LMBOAl = U.Ub 
LMU0A2 s 0*1 
ElAU H d.B 
F s iJ.gOb 
ETAb a U.96H 
ETAI a U.9Bb 
PAUAPl a 0.015 

DMA a D,u 

HAAPl = NrtA ♦ UU 
KP a 101325. U 
H a 631H.69/AP 
KLH a 1.0 + LM0UA2 
CALL SF ruP (PHI ) 

101 NLAOllNf 2100. LND»999VJ PHllN. 
IKIPHI .LQ» PHllNl GO TO 102 
HHl rLl lOUT .3100 ) 

3100 FOKMAll// .ibti PHl AND PrillN ARE NOT 
1 36h CHLCK if PUOPEH DISK FILE 

TtKrtlNATEO ) 


PMHO. TCOMO. PCOMB. UO.RMRP.HMOA 


HUM 


consistent 
IS INPUT 


.// 


//7 


2 « 2UH 

STOP 

1U2 continue 

HhAullN. 210U1 rtMAN* HMC. HMS. KMWC. RMWS. KMC^/. HHAP 
KEAOllN. 21U01 i<Ct NC. NA. HHVOAF. AS. TSTACA 

1 .FTEMP.AFGR - 

rtHlTLllOUT. 22Dul hLAO 

rtKlTEtlUUT, 2210) PhIIN. PMhO . TCOMU. PCOHB. UO.KHRP.HHOX 
Tt ( TOUT . 222u) HMAH. HMC. KmS. KMb.C* HMttb* HMCW. HMAP 
WKlTEllOUl. 2230) kVCi NC. NA« HHVOAF. AS. TSTACA „ 

I .FTtrtP.AFGH 

C FTtMP IS FUEL GaS TeMP TO COMB* OEG K* 

C AFGH 15 RATIO OF AIR TO PRODUCT FUEL GAS 


. HhAUl IN I 2110) NbT 
HEAOCIn. 2121) CVBT(l). 

HLAOdN. 2121) (Vb/Mi). 

HEAOUN. 2121 ) ( VBH( 1 ) . 

KLAUl IN. 2121 ) IVttSl I ) , 

2121 FUHMATl) 

OA = •Ob-.OU2b*PMrtO# I .OE-8 
IFIHMAP *GT. i*E"3U}UPlNJ s .03 
. HSTACAaSlNTPAt VttT iVBH.TSTACK.NeTl 
HMGP « HMAP ♦ 1.0 
HMA « RMA* / KWAPl 


1=1 »N6T) 
1 = 1 .NBT 1 
1 = 1 *N8T) 
I°1 .NBT) 


REPRODUCJI’iLJlT OF THE 
ORIGINAL Page IS POOR 


I IH 
i lb 
I 16 
U7 

1 m 

UU 

XU 

UH 

US 

W6 

U 7 

128 

X^9 

UQ 

Ui 

132 

133 
13H 
1 3b 

. 136 

137 

138 
i 39 
l*»U 
181 
182 
IH3 

„ 188_ 
18b 
186 

187 

188 
189 
IbO 
Ibl 
1&2 

■ lb3 
lb8 
Ibb 
lb6 
lb; 
lb8 
lb9 
16U 
161 
162 
163 
168 
I 6b 
166 
167 
166 
“ 169' 
170 


UPPC > 8bB.U * 232S«9a 


THlb PKOfiKAM IS J^OK 
KMA6 = AF6R • KMCW 
TuA o 672*2 

DHOb b( 12UU.U * 27*0) « 2326*96 
UPPC c U*U 
IKiAPGR .GT* G*U1 
FGCKG s 8«26 
PGAb * 188UU. / 0.8536 
SICK s ii,bb2 

HHVCU £ l2U2ci.U » 2325.98 
m81 3 TCOMll 
PP(8) a PCUrtM 
PPU > ■ PAMU* I I .-UPIN) 

PPUUI a PAHb 
TUIU) » TSTaCK 
hHI iUI « HSl ACK 


LOW 6rU GAS PK00UC£0 FROn lUL NU.6 COAL 


PP(3) 
PPU) 
_ PP19> 
PP(8) 
PPl 7) 


(loUfOPCO) < 
(I.U^'OPhP) < 
ll.Q+DPbG) < 
ll.U^DPPHI I 
I 1 »Q>^UPINJ > 


PPt8 I 
PP<3) 
PP( lU) 
PP19) 

» PPIU) 


Pfc s PrtriO / bTAl 

ThtTA - 2325.98 o MHVOAF - 

DKP31 a IPPl2»-PP(8n / PP(8) 

c n calculation 

T2«TAMb 

C,. H lb LNiHALPY OF MIXTURE PER POUND OF MOIST AlK 

HAMb =(SINTPa I V TH«VT .HAT.T2.3U»«fciA«bINTPA I VThWT . m*T • T2 • 31 U /RWAP 1 

c pkai.prat and pko^^ ake the klcaTive press. FOR^rtATEK vapor* AiR 
C AND oxygen Taken from gas TAOLES starting at 80Uk(222.22JCI with 

lUURIb5.S56Kl INCREMENTS - . ;; 

HHt n C MAM08-SIrtTPACVTHwT.H0XT.T2 .3 I ) •RMOX/KMAW'»'hbT ACA/2325.9a* 

I RMRP / RMA^^ 

M2 = HHll) 

. Tim = FUNCT3ChHmi - - 

PHA= SlNTPACVTHrtT.PRAT. TAHBi3l ) •PPC2 1 /PPll» 

PR6= SINTPAf VTHrtT fPR;yT.TA«B*3n*PP(21/PpU ) ^ 

OHA«»-CSInTPACPKaT .HaT .PKA.31 1 +HWA*S I NTP A C PRbT .HiU *PKA*3l > l/RI»APl 

L ^ HAM8 

- PrtOX :=SINTPAC VTHATtPH0XT.TAMB.31 MPPC2J /PPC 1 > 

UHOA« ISINTPAIPROXT .hOXT .PHOX .31 S I NTPa I VTHWT t HOXT * T AMO * 3 1 1 J 
PCMArtR»lDHAA*RMuX/KMAW<»UHOX) •232S.9B/ETAC ^RMRP/HMAW*PnRE I PP UO H 

_ PCHAAR = PCHaUR • (1*0 + RMAG / 

HHC21 s hH( m*PCMAftR/232b.98 
HH(21 bhHC 21/1 I .U + KMAG/KtiAA) 

M2 “ HHC21 


C 

c 


11 


TTC2>aFUNCT3<HHl2n„ 
FSH = 0.0 

IFIFTEMP .LT. 3uU.) 

gtemp is tehp of gas 

GTEMP = 1188.8 
FSH = SEHECFTEMP) 
ACCOUNTS FOR SENSIBLE 
/MOLE 

_FSG .tt.SEHECGTEMPl 

%JFG « FbH - FSG 
3 CONTINUE 


60 TO 113 
OELI VEKED 


dY gasifier UEG.F. 


heat added to fuel gas. QFG is JOULES/KG 


9-322 


171 
17Z 
171 
17H 
17b 

176 

177 
176 
1 7V 
UU 

. nu .... 

162 

163 

16** 

.,165 

166 

la? 

168 

ibV . . 
1 VO 
IVl 
1 V2 
193 
J VH 
195 
1 V6 

197 

198 

199 

200 
201 . 
202 
203 
2U*i 
2Ub 
206 

207 

208 

209 

210 
211 
212 
213 
219 

215 

216 

217 

218 

219 

220 

221 _ . 
222 

223 

224 
.225 

226 
227 


VPl 


201 


^ T2 LALCULATIOi>1 

UAOO Tim* PP(4), N2D!M, NT* NP . VT* VPl 

T2 a 2Vd.l6 

H IS fcNtHALPY OF MIXTURE P£K POUND OF MOIST aIK 
HCOHbaZTP12H,TTi4J ,PP(4J ,NZO 1 M • NT %P . V T , VP ) 

.^HAP = [SlNTPAiyTHrtT.HAT.TSTACK.jm-KrtAoSlNTPA tyTK*.T,Ht.T,TSTACK,31 » 

jHAO s iti|NTPAJVTHWT.MAT.T2,,Jn+ H.VA« S 1 N TP A ( V TH« T , H« T » T2 , 3 a M / 

.^(JAOOP =^0*^b36jwC*«C»(QAt)D/NC/.iC*LHSOAl*THETA)/1065.U/H.YAPa/NA/ 

HA a HAU OaOOP 

HH(3) = HAO+( a .U + Km <H«HMAP/HMAiV>»OAODP-KMRP«HHAP/f<HA*V*tHA-HAP> + 

..1 H«KP/KMAi»»t a ,U“KMAP)«UC0Hb/232B.</B 

H2 o MH (3 1 ... . .. 

IT«3J=FuNCT3(H2l 

HGA® (SlNTf’AlVThiitT thAT «TGA«31 I-^nWA^SINIPA (VTritlT«rti*T»rt*A .31 1 1 yH*tAPt 

J'232b.y8Mh6A-HH?2n;KHAb%SA:l:;2j2b*yd‘’’'"'’*'^^ 
ShJH) - 2TP rS* 21’ oo{2!’ NT, NP, Vf, VPa 

53(H) - ZTPiZS* Tr(H)» PP(H)» NZdiM? NT# NP t VT» VP) 

KHOKHO(ya = ^TH{ 2 A, PPCN), \ZDIH. NT, NP» VT, 

pp ( ** ) / (H»T 1 1 Ha a 

tVKirE( |00T,2500atTAD,ETAti,ETAl " ’ ~ ' 

rthlTEI IOUf.260JJLMOOAl ,l.HoOA2 

WKaTE< |0UT,27UUaE .PAUXPa ,oRP3l , PCM AtVH , 0 AM AHN , THET A » PMHD , PE 
1 « UF G ... 

riHITEMOur fc3UOO)CfOK»OB • 

r(U( 1 ) c 1 «0 

XI 1 ) a Q«u 

SU ) = SS(H1 ^ 

SS(b) = Sb(H) ' ' 

um a uu 

HH(51 a Hm(H) ^ 0 abwO ( 1 ) eg ( I )* 

H< n = HHlb) 

T 11 ) ^ H(l)i Zh* NZDIHi NT ■ NP • VTi VP) 

dSIcT ZSi T(l), NZOlMt wTt NP» VTi VPl 

_ pp ( c I j . 

PC 1) n P6T ” 

* • M20IM. I4I. NP, VT, VP) 

KHOKMO(b) - ZTP12.U T(l), P(D. NZOlMt NT* NP , VT* Vp) ® 

♦ P( 1 )/(K«T(U ) -- 

RHO ( 1 ) 3 NHOKHU ( 5 ) ... 

K a “ ZTP(Zmu* T<D* PUI* NZOIMp NT* NP* VI* VP) 

VX(1) a K 

6( I ) = bO ^ 

MOH C 1) a bin « NUU ) 

JSAFE a 5 

PbS a PPC71 • 1.015 _ 

^ MG ^ Pt / 1(2 pZ(2h* P5S* SS(H). ZS* NZOIH* NT”* NPV vf, VpV 

IFIMG .LE* 0.0) MG « 1300.0 o PMHD /*^li3E9 
KSAFE = JSAFE .. . _ 

continue 

DN s 


0.0 



22tt 

229 

230 ^ 

231 

232 

233 

. 239 

23b 

236 

237 
23B . 
239 


290 


00 290 1*1 

.NP 

291 


IF CPU) • 

GE> Vpcm 

292 



. . ,11 

1 

293 


60 

TO 29b 

299 

290 

CONTINUE 


29b 


1 1 = NP 


.. 296 . 

295 

. continue 


297 

C 


P6T loop 

298 

301 • 

continue 


299 


IF <MOOCIOt2> 


lY « 1 
1 U 3 U 

uH = OSOKT tMG/|U( 1 loRHOf I 111 - - - 

HD9 = I.U/D9 

FXI « RHUC n»U( n«F«2.0/(B( n««2*S2bHA(n#09l 
Ncn = K«(Uu-ro/( i«u*»K^Fxn 

IV 5 10 

DP » i0*u 
DP6T a la.O 
P6T a lUab 

JCNT = 11 - -- - . 

PLAC£ Xp CALL ♦ 11 = XPlFlUa 01 ♦ 2 


60 TO 290 


2bl 

2b2 

2S3 

2b9 . . 

2bb 

2b6 

2b7 

2be 

2b9 

26U 

261 

262 

263 

269 

26b 

266 

267 

26tt 

269 

270 

271 

272 

273 

279 

275 
2/6 
2/7 
2/a . 

279 

280 

201 

. 282 
283 ~ 

209 


P6T a P6T ♦ DP6T 

PCm = {P6T<*PP<7> 1/0P6T*UP ♦ pur-i> 


c 

_ 3bl 


UP a H ( I Y-1 1 ^ PC I Y«21 
DM a N( iY-1 1 - NUY-21 

FXI = FXIH -> FXI . . 

GO TO 315 
CUNTlNUti 

ly = IV^l 

REPLACL P* CALL . PCIY) a PXuY, Vj 

PUT > ypiui ^ 

Hb = 2PZ1ZH* PflT}, seiY*U« ZS. »2blHa Hi 9 NP» VT» 
VP) 

UHS = hS « HtIY-1) 

TtHP = 2*U>»C»UHb ♦ UCIY-I)«62 
IF (TtKP abr.* OaUoU) GO TO 325 

WMlTEUOUTt 2310K, TEMR-*-^ C 

GO TO bOQ 

bU Y) = OSOHTiTtrtpi 
DPOt-b = bP 

. OP = PilYl - PflY«»i) „„ , 

HUY) = Dtyi/DPOLU^OP * Ni)Y*U 
FX1« = 2*0ftFXl 

VaHY FXin» convergence based on n 

FACTX = 8qO*KP6(KO^C) 

FACfN = Oa5«rCLH«CUU4>C) 

FT2 “ 2«0*F 


, continue 

HllYl » CFACTN«CNC IY)^NUy->UWC)*DHS ♦ hUY-II' 
TIlYl « TPZfPCiY)* hCIYJ* ZHo NZDIH* WTa NP* VT. VP5 
RHOtlY) » ZTPIZA* TUYl* PClTl* NZOIN* HI 9 NP» VT» VP) 

. . . •PlITl/tR^TJlY)) , _ 

SlGHAtlYI » ZTPCZSIbHAti TUV1» PUV), N201»» NT. NP^ji 
VTd VP) 
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2&b 

2b6 

2B7 

2bB 

2BV 

290 

291 

292 

293 
29*1 

29b. . 

296 

297 
296 

299 

3UU 

301 

302 

303 
3U9 
30b 
306 

307 

308 

309 

310 

311 

312 
313 
319 

31b _ 

316 

317 

318 

319 

320 

321 

322 

323 « 
329 
32b 

326 

327 
32B 

329 

330 

331 

332 

333 
339 
33b 

336 

337 
33B 
339 

390 

391 


3bb 

1 

.. 2 


365 


HOilY) = ObWKTCH 6 /( 0 (lYl*RHOUYin • RD9 
\ = VKilY^ri + 0K*0H5oRH0( I Y 1/101300# 

.. VKU Y 1 a K - 

b( I Y1 « 81 I Y^l 1 , 

IF IP(IY) #Le# 2#U1 BMYI a BUYJ ♦ 

OB«UHb«RHOU Y 1/101300# 0 

FAl^ = ^FT2oRH0C I Y 1 *U( I 1 / i S I 6MA U Y 1 oKO U Y 1 «09* 
li{ 1Y1«*21 

FXIM » FXIM - FXIOLO ♦ FXI 

ULUUY » .^U1YJ ^ ^ * 

NUY) - K*1W0-K1/( 1#0-K^FXI 1 

IF <DA8bl0L0RY**N( lYl 1 #UT# l#0E-5.) 60 TO 3bb 

JCNT = JCNT -1 

IF IJCNT .Ld# 11 60 TO 355 — - 

60 TO St UP / ( ( K-0#b»FX I W1 #0 1 ® i b 1 \>MA i 1 Y« I 1 ♦b 1 6HA C 1 Y 

1) • <btlY-l)**2 ♦ unYl**2) • (U{ 1 Y-l l+Ull Yl 1 1 « 

5UY) »*2TPl2bVnlY) . PUY), NZDljl# NP. VT* Vpl 

MullY) a ZTPCZHU# TClYl* P(IY1# ^12D1M^ NT • NP i VT # VPl 
HUb(IY) a HOUYMBdYl 

UN a N( 1 Y) - NllY-l ) - ‘ 

JCNT a 9 

IF (PlIYI #6T# PP(7)I ^ 60 TO 365 
HH(71 a U*b<»U(lY)««2 ♦ HCIYI 

TbS a TZZISUYI* ZS# HH(71, ZH . NZUlM, NT# NP# 

VT# VPl 

PBS a PZTIS(IY)# ZSf TbS# NZOIM# NT# NP# VT* VPJ 
P6TOL0 a P6T ^ 

__ ... P6T a £TAO*lPbS-PUYn,.*+-PXJ^Yl 

DP6T = P6T0L0 - P6T 

0 a 10 


375 


10 

. . , . . IF 

IV 

IF 

IP 

IF 

60 TO 301 
CONT INUL 


( (P6T-IO#0*Q) #L£* PP(71) -10 
C0NV£rt6ENCe TtST FOR P6T 
a IV-IO 

( IV #LT. U) go TO 375 
(0A05iDP6Tl •LT# laOO^lOl 60 
lOAbSiPPi 71-P6T1 #LT# 0#0051 


Nb 


-a I 


TO -375 
bO TO 375 


nHlTbllOOT# 2300) 

OLDNb a MG 
H6 a PE*KLH/iHHi9)-HH(7n 


60 


IF lOAbSlOLDNG/HG 

KSAPE a KSAFE ~ 1 
IF iKSAFd pLE# U) 
TO 201 

ENU OF K5AFE 


l#U) #LT# 2#00-9) 60 TO 90b 

60 Yo^90b 
(FXI) LOOP 


.905 CONTINUE 

HH(6) a HI lYl 
SbC6) a Stm 
PP(61 a PHY) 
TTt6) a T(1Y1 


RH6HH0C6> a RHOCIVI ^ 

HbSP a ZP2(ZH# PbS. SSl91. ZS# NZolM# 


NTi nP. VT, VPl 
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ETaHHO e Ht / i 

TH7J ■= TPZ(PPt7l, HH17). ZH, NZDIH, WT , NPt WT, 1/PJ 
Sbl7J = ZTPt2S« TT«7l. PPI71* MZDlht hi, NP t WT» WPJ 
RHOKHO(7t ■ ZTP<Zi«, TH7J, PP<7I, NZOIH. NT, NP, WT, WPi 

,i,«. , ,..7. 

SbIBJ = 5S17I „ 

KHOKHOCtn ss KHOf^hOI7) 

HHiai a HH(7) 

IP IKHAP «L£.« l«UU^3UI 6U TO HZS 

DBA aCSlBTPAiVTHMT* BAT, TT<81* 311 t . 

5 2nTPa( VTHKiT«HtAT.TT<6l »3t i*BfSA)/Kir)APl«HAHS 
HHCttJ « rKHAP«DHA ♦ HHI711 / C(3HAP^i«OI 
TTaN£:i^ a &intpa(v&h. vaT, nst) 

IF CDAaSITT{0)-TT8NtiS(J 0. U._ (»0 „T0 15 « 

TT(8I = TlaNEta 

GO TO Mil 

TTIul c: 

SSCal SiNTPACVbT, V8S, TTlfl), NOTI 

KHOBHOCai a 51NTPA4V8T. V6V?, TTIBS* NbT) o PP€8I/ 

(K«TT| 6M 

ltH( 9) a HhCa |-UAHAAK/KHGP«BBAto*i»QFG/WC«KHC7ttHGP 

inVl a blBTPAiVbH. VOT, HH29I* NOT) 

SS<9| = SlBlPAIVtiT, VaS. TTC9I, NBT) 

kt(UKHU(9| = SiNTPACVdTo Va«9e TTi9lo NBU o PP ( 9 I / C WoTT C 9 1 » 
owl 5 PE - PMHU 

» HboKBGP* IHHC91-HNI lUl l«*CQPPC^STCPaOMG5ToH»Q8/FGCR(s« HG * 

KHC ^ KHVCU MG / FGCHG 
051 a LHDtJAi « OC 
QS2 a LMBOA2 0 p£ 

. PC = PCHAuK • HMA3 0 MG 

ETaS » U*J9 
9 =; 1.0 / ttAG 
00 MOO KYa^l«7 

ETAb - ETAS ♦ U.Ol . . , . 

LTAbf « U*99S 0 £IAS 
VETAStKY) * ETAS 

PSIAY) a I ( 1 oU--CTaG 10PC -OSO ^ QSl - mS2 - doii^eTasf/ 

C<HETAG-l*O|0ETASF-l«a) 

PbE(KV) a PS(KY) - PC*ETAG 

a PSeiKYI 0 HETAG - PSEUYI 
uSIAY) a a»VVb 0 (O(.4G(KYMf,f5O0tt$|0OS20OUll 

HO(f.Y) a ( UU-PAUXPl MPSEUY*^ * PMHO . , __ 

PGA5 « RHC 0 HG / FGCRG 
ETA(KY) a POIKYI/GC 

continue 

output 

lpp 3 » iu#U0pp<«n 

LA - lUU«Li0K 
YY a IU*U0DHP3t 

IV a YY 0 U«b _ _ 

KY a IU.U0CYY-IV> 

LUU a UCU 

LC a IUU*U0C 0 0«S 

.LTT3 « TTIM) 

LOU a am ~ 

RMKPHG “ KMHPefiG 
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39V 

HUU 

HOI .. 
VU2 
HU3 
HQH 

VU6 

VD7 

HOQ 

MU9 

'Via 

VU 

V12 

. V13 

VIV 

Vl& 

V16 

VI 7 . 

Via 

VIV 

V2Q 

V2 I 

V22 

V23 

V2V 

V25 

V26 

V27 

V28 

V29 

VJU 

V3l 

V32 

V33 

HJV 

V3S 

V36 

V37 

V3a 
V JV 
WO 
VVl 
VV2 
VV3 
WV 

. W5 

W6 

VV7 

WB 

VV9 

VbO 

Vbl 

Vb2 

^V53 

V5V 

V5B 


RrtOXHCa = KM0X«I1G 

KMAW aMCi 

RMAHG = KHA^MG .. ... . .. ... 

RHfaPHGs RMGP oMG 
RMaPMG = HHAP •MG 
RMCHG = NHC aMG 

RMCWMG » RMCiV »MG . . 

MrtSMG =5 rtMS* MG 
KMWCHG - RHWC »MG 
RM*SHG - KHrtb «HG 

KMARP e RMAHMG + RHKPMG - . - 

RbMAMG = MG +HMAPHG 

iVRlTEi lUUT*2dU01 PPtM* T T ( 1) , PP C 2 ) , TT { 2 ) t PP i 3 ) . TT C 3 1 
WKlTEn0UT,2va0) PP(V)»TT4V)» PP < 7 1 » TT ( 7 ) »PP C B ) • TT C B ) , 

.1 PPlVl.rTiVl* PPilUJiTTllO) . .. 

»'ilUTE( lUUT • 2V20) 

WKl TE ( I UUT»2V2V 1 PAMb » T AHB « HAMIS «RMAWMG 
^VK1TE( fUliT «2V23) L T Ab 1 U ) • PP ( I) « TT ( W « HH U 1 .KHAAMG 
AKl7EnuuT»2H23> LT AB I { 2 > • PP ( 2 1 * T T { 2 ) »HH 12 ) • KMAKP 
rtRI f£l ?UUT,2V23) UT Ab H 3 ) ♦ PP I 3 J » TT ( 3 1 , HH t 3 1 •HMAKP 
WKITEUOUT «2V2bMLTAdl ( J1 »PP( J) »TT( J) iHH< J) *KHUHHOt J) .SdiU) »HGi 
1 J=V.6 > 

WHITEi I OUT »2V2b)LTAaU 7) 4PP171 ,TT t 71 ♦HH(71 ♦ HHORhO ( 7 ) ( 7 1 ^HG - - ^ 

«VfUTE( lUUTi2V2bl tLlAdU J) »PP(J) ,TT( J) tHH{ J) tKHOMHOC J) »Sb(Jl • 

1 KGMAMG « J=u I lU } 

ViHnEMOUTf 2V301 

jy = lY - 1 . 

IF (JY «LEo U) bO TO Vbti 

^iKI TE ( 1 DU I »2V3bHLTAB2( J) iXU) , RoU)« P(J)i T(Jl» SIbHACOl* 

1 H(J). HHOCJlt U(J1« HU(J}, 5(J1. N(J)t MUb(J)» 

2 „ VK(J1* U(J>i J-liJYl . _ . .. 

b J s lY 

tVKiTEtlOUT, 2V3&1 LAdSi XUKROljJ. PCJJ» TUI* SlGHACJli 
1 HlJU HhOU)* U(J)« MUUlt suit N(JU HUU(J1 

2..* *♦ UKUlt dlJJ _ . . 

V = G^b • OV Q (ROM tU) 

XVOV » (XtlY) * V) « V 
Db a KU n Y i « OV 

. AV = UH • OV . 

Ab a Ub*Db 

WKlTEdOUr* 2W01 MGt RMAHG. RHA»^MG* RHGPHG* KHAPMG, 

1 RMCMGt RMc^VMGt KMSMbt KKriCHGt KMii^SHbt XVOV. DV« t 

2 aVi Abt MCt ETAMHD — * 

00 V9U KYal »7 

PSETAG(KY) = pseikyi/etag 
pSEMHDtKYj » PSElKY) * PMHO 

PSEHAU(KY) a PSEiKYl • PAUXpJ . 

CETaUYI « 3V12* IG/ETACKY 1 
3 continue 

WRITEI I0UT,2V6D1 

WHITt( |□UT.2V8U)(VETASt J) tj«l *71 -■ ^ - 

WRITE! IUUTt2V7Ul (USOi ja^?} t (USl • J»1 *71 

1 . t052KJal«7)e (DQtU»l*7}. (DQG C J 1 » J» 1 » 7 > • 

2 US(JliJaU71, !PS( J) t Jal »71 « 

3 (PSETAGC J1 tJal ,71 , (PC»J«L,7) *.-(PSE(j)..JiU *71 • 

V (PHHDtJ«l ,71 , tPSEHHDlJl, J»lp71* ( PSEPAU U 1 U» i .7 1 , 

B (P0( J1 tJBi *7 1 , (CETtUJl t J«1 ,71 
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kVKlTE( |UUT«2*)90) 1 ETa( J) iJ«l t7) 

H99 COWIINUE 
SUO CUNTINUE 
GO TO !Ul 

2100 FORMAKaFlU.Ql 
2UU FORMAT U2) 

.2120 FORMAT t6F 10.01 . . ... . 

2200 FDRrtATMHl. 12A6 / IH , 12A6) ^ ^ ^ . n ^ ^ « 

2210 FORMAT(IhO, oHFril “ « F6.2i bx, 6HPMHD a, lPbl2.&« bXt 7HTCUHB ®* 

1 UHFB.l* 5Af 7HPC0Mb a# F8.3» &X» *»HUO » « F0,2f 

2 /.U*7hKMKP » *F lU.3.bX.7HKMOX a ,F1U.3J . ^ 

2220 FORMATClhU, e»MRrtAW a* lPtl***6, bX« GH RMC bX. 6H KMb ■# 

I F:1**«6 /IH t 6HRHAC »* E 1 ** . 6 • 5X* 6HRHwS »9 bX. 

^ 6NKMCW E1H.6. bXi 6HKMAP »t E14.6) 

2230 FORMATtlHU, HHV.C ” • F8.2» bX* 4HNC ». FB.4* 5X. 4HWA “ Fb.4. 

1 bX.tiHHHVDAF =, 1PEIH.6,4HXS s,El4o6./lHi 

2 HHTSTACK aiE14.6tbX»lUHTKU£UGAS a * 1 1 4 • 6 » bX » bHA 1 «/FG i*9Cl4»6l 
2240 FORMATUHUt 24H o • 1 TekaT I OR UN Ti FAILED) 

22b0 FOKMATIIhO* 24h*« I TfRaT ion ON T2 FAILED) 

2300 FORMATUH « 6H MG. 1PE13.6) 

2310 FORMAT UhO/ IhO. 42h*^ CALCULATION OF FLUID VELOCITY INVOLVES t 

1 22HTAKING SWUArtE HOOT OF . lPEl2.b. iH. 7lH . bX . 

2 2lHCUKHENr VALUE oF C = ♦ £12. S. . , . 

3 43H* HIGHER VALUES OF C VilLL ALSO BE IGNORED. ) 

2400 FORMATMm . 2X* 2UH-. 12). iH-. 211. IH-. 13. 1H-. 12. 1H-. 14. 

2410 FORMATIIhU. 3X* SHInPUT/IHO. lOX. bp PHI . Fb.2. 7 r CYCLE . 12. 

1 4H P3 . F6.2. 4H T3 , FS.U.12H (P)-P3)/P3 , F6.2. 

2 3H U ♦ F4.0. 3H C . Fb.2. 4H LAMBDA I . Fb.2. tAM0A2 . 

3 Fb.2 /IHU. 3 h K ♦ Fb.2, 4H PE . lPtB*lo **H P6 . UPF6.2. 

4 Gri ETAO . Fb.2. 3H F . F6.3. 4H TB . F4.U. 3 h b . F2*U. . 

b an PC/MA%V . F7*0. 4H PI . F6.2. 4H Tl . Fb.U. 4H P2 . F6.2 

6 /IhO. 4h T2 . Fb.U. GH ETaG • F6.3. GH LlAl • F«>.3. ^ 

7 lUH PAUX/P3E . FG.3. BH OA/MAh • F^*U. /H FMETa . IPElOO 

b / •» GH LTaS . UPfG.2. 6I1H. F6»2))) 

2420 I RMATi: .//.MX. lOHGAS STATES . // . 2X * GHPO INT . bX . IHP t 

1 1 . i*T. lOX. IHH* iOX. 3HRH0. 9X . 1 Hb » 9X . 1 HM . // 1 

2425 FOit. /X. a 3. 4X. F6.3. 4X. FS*Q. 4X. fv* 4X. F7.4, 

I 4X.F8*n 


2420 I RMAT I 
1 1 

2425 FOit. 

I 

2430 FORM,* 

I 

/ / 

3 G 


/ iH*.* /G. />.'♦ |j'»* /a* /**'•*» - * 

3 GX. 4H«iU.0i bXft I MG « b>A« i ) 

2435 FORMAT flH . 3 a. A3. 2X# F?.J* 2a. rG.3. 2Xt rb*3. 2 a» ^b.ti. 

1 2X.F6t3t2x»rV.U.2x«F7.4.2X.FG.l,2X.F7.4.2A.F7.1. 

2 2X. F6.4* 2X. F7.4, fG.3. F6.2) 

2440 FORMaTIIhO. 3X, 25HM ASSFLO»Vb » GENERATOR AREA 

I /iH . 5X. 4H HG . Fd.3. 4H MA * FB»3. 4H MAh. FB»3. 

^ 4M mG*. KB.J. 4H MA*. F8.3 

3 /iH . SX, HU MC . FB.3. 4H HC;^. FB.3. 48 MS . FBq3. 

4 4H HViC. F8.3. 4H HWS. FB.3 

b /IH . GX, IbH IX ♦ OH) • DM » F9.^. 3H OH, F7.4. 

6 3H 05* f7,4. 3H A4. F7.4, 3H A5. F7.4 

7 /IH . GX. 12H ThETA • HC . IPE12*5. OH ETaHHD • OPFO.bl 

2423 FORMATUH . 2X . A3 . 4X .FG.3 . 4X *.Fb . 0 » 4X ,F9 .0 * 22X . 4X . FB.3 ) . 

2424 FORMATUH .2X.3hU » 4X . F6 . 3 t 4X ,FS*0 • 4X . p9 • 0 .22X . 4X .FB.3 1 

2460 F0RI1AT( Ih 0.13X. aVHOVEKALL PERFORMANCE I 


niUi li 


' >F THii) 

; tH50R 
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513 

SH 

BIS 

516 

517 
51(1 

519 

520 

521 

522 

523 
h2H 

525 

526 

527 
526 

529 

530 

531 

532 

533 
539 

535 

536 

537 

538 

539 
59U 

591 

592 

593 
599 

595 

596 

597 

598 

599 
550 
bSl 

552 

553 
559 

555 

556 

557 


2970 FURHATt iHH 
3 /\H 

^ /IH 

5 /IH 

6 /iH 

7 /IH 

a /IH 

9 /IH 

1 /IH 

2 /IH 

3 /IH 
/IH 

^ /IH 

6 / IH 

7 /IH 
2980 FORMATI iHO 
2990 FORHATl I hO 

1 6(2X 
2500 FORMATtlHO 

2 *5x 


9X.BHQSD 
9X, 8HQSI 


9X, 

9X. 

9X« 

9X, 

9X, 

9X* 

9X, 

9X. 

9Xi 

9X. 

9X 


8HQS2 

bhdqi 

aHDQG 

BHQS 

BHPS 

BHPT 

BHPC 

0HPSE 

bhpmho 


p3X,7E1M,5 
*3X,7eH< 5 
,3X,7Ei9oS 
*3X»7E19*5 
«3X,7E19«5 
•3X«7&19fl5 
»3X»7£l9t5 
»3X,7£19«B 
»3X»7E19«5 
f3X»7C19.B 
3X*7£19.5 


aHPSE*PMHD,3X,7Et'),S 
BHPAUX .3X.7E1H.S 
8HP .3X,7EI*».5 


o, .3x:7li‘i.Sj 

ji*ji9»E£FIClENCY .7i2?-F»2.2J I 


•aXiOPF12»^, 


»t2X>Fl0.4 / 


• ax. 


P J I^HOVERALL •/. IX. 1 SHEFFICIeNCY 

I’eHROTAnNG^GENfRATOR^lixlFlolH'"!^^ 

3 37HFR0H COHBUSTeR TO SUbPOSEO PLANT » . F0.3. / 

SUBPOSEO PLANT e • F8.3 / 

2700 t-ORMAlIj./,iX,||HFRlCTlON [ACTOR IN HHO OUCT " .IX,F«.4 ,/,6X. 

8 M^E I 2 ,1’ ‘ Ix! ‘ 

2UQO^FOHMAT|lHO,Tx,aHA!R‘sJoE*!!8x”5MTOTAL*?3llaHPH£S5URE .3X, 

A -4^ ^*’5;nuSp?cE5PSS? • 3K*FI0»4. 4X.FI0.M . / , 

A 9^ , i > HCOMPRESSOR OUTLET •2X«F10t9e 9X«FlQe9 • /« 

2,ao“FORKATnH6j?5iU|«i?5P ,lA?5?][^-32^SS^SElsiRE 

u 13H0IFFUSER EXIT »13XiFlO«9 g9X«FlO*9 g /* 9x* 

9999 CALL EXIT 
END 


«3X, 

9X, 


PHTgSC PCF.DUCABS 


9-329 



FRECIRCINJOX 


►FREC I KC INJOA 

IMPLICIT double precision {A-h, 0-Z » 

INTttiEK HEAD 

EXTERNAL FUNCT2. PWRE.FUNCTi . 

DOUBLE Precision na. nc» kgi mu. n* hub* kp. k* rn** 

1 LMHDAI, LMB0A2 

COMMON NT, NP, HEA012H), , nn i “ ‘ 

1 VTiBOl, VP(5U), ZMUI&U,bO), Zrt(SO,bO), ^HlbO.bUl, , ,, , 

2 ZSHjMACbO.bU) * ZSlbU,bU). Z Q A 0 U I bO , 50 > , SCIlOtlUJ, 5B(lU,l0l 
dimension VBA (5u ) , V 8b < bU J 

DIMENSION TUIO) .HHllUl .HHOKHOUO) ,SSl 1U» , * 

1 X(24), R0(2H), T|24), SIGMAI24)* Hi?**^* 

^ RH0I24), MUt24>, utZHI, 5124), N(24), 8124), 

3 MUH(24), VK(24> 

_ dimension DUGt7), u)S(7l, PSI7I, PSEWJ, POt71, ETAC7J. 
dimension PKAT I I ,PKATl 3il *PROXl 13 n , 

r:OhMUN /COHI2/ hATl3iI, HwT(3l}»VTHViT(3l),R*A,RiiAPl,H2,MOAT(3l>t 
1 * VbH ( bO ) frtMOX , RMAtt ,KMRP . VbT t 5G ) , NBT 

.. COMMON /REPR/HSTACK .TSTACK.PPUUI .HRE 
dimension LTaBUIO). LTAB2t24> 

dimension P5ETA6(/I. PSEPAU(7), C£1At7). PSEHttO 7 J , VeT AS 1 7 ) 


PRAT / *220900* 

6.U38DU, ^ 9,469UCi, 


b.bb3Dl t 
3* 1U002. 
1.218403* 
3.9MQD3, 

A PRAT / 
6*4 1 IDO, 
b.b860i , 
,_2. 12102, . 
6*01902, 


/•9b3D { , 
3.96002 . 
1.499403, 
4.72003 / 
. 4BSbU0 * 
I .22980 I * 
/.I 7301 , 
2.b66D2* 

7 .U20U2, 
1.613203 


.641200, 
1.4J27DI , 
1 *066702 * 
b.02202 , 

1 *835603 , 


I . l3U5oOt 
2t lObDl , 
1,41 3502, 
6.32402, 
2.23703, 


2.I2UD0* 3.683pUf 

3.U19U1 i 4.24lDif 

1.B53602, 2.406u2i 


7.9ib02, 

2*7i3u3, 


9.84802, 
3 . 2760 3 • 


1 .ObVOuO , 2.0U5D0t 
U ^41 3Dl * 2.40 101* 


9*09boi t 
3 , U8 102 , 
8. 14802, 
/ 


1.140302, 
3.67602, . 
9.41402, 


3.4460U, b.5260U, 

3.169400, 4.2d8DU, 
1.41bl02, 1.74u002t 
_4.3b7o2,, - b.l3bo2, — 
1 .083403, 1.241703, 


1 

2 

3 

4 
b 
6 

— IN I 
lOUT 
NZOIM 
TEMP 
00 10 


PROXT / 1.83U600, 4.00500, 7.62900, l.3244ol, 2.15301* 

^.330D1* 4.9bbO|, 7.14601 * I • 003602 * . I • 37 b Ou2 • l.U&54D2t 

:.4bb02, 3.20002. 4.U'u2. 5.22402, 6.b6u02, 8.15102, 

•003803, 1.225203. 1.483903, 1.784403, 2.13103* 2.53003, 

!. 98503. 3.5U403, 4,09203. 4.75603, 5.b0303, 6.34403, 

'.28203, 8,33003 / ^ - - 

.TAB1/3HI *3H2 *3H3 ,3h4 ,3H5 ,3H6 ,3H7 ,3H8 , 

LTAB2*/^3m4U0, 3h401, 3H4U2, 3h4D3. 3H404, 3h4US, 3H4u6, 

3H4d7* 3H408, 3h4C9, 3h410. 3h 4U, 3h4l2^ 3 h41,3» 

3M414, 3H415, 3«416, 3H417, 3H418, Jrt4iy, 3 h42Q, 

3H421, 3H4Z2, 3M423 /* , _ ^ 

LAB5, LAti6 / Jrtb • 3rt6 /, ZERO / O.OOO / 


33 


data 

PROXT / 

1 .830600 

, 4.00500, 

34 



3.33001 * 

4.9bbO| • 

7.14601* 

35 


2 

2.45502, 

3*20002. 

4. 1 l*.uZt 

36 


3 

1 .003803 t 

1.225203 

, 1*483903 

37 


4 

2.98503. 

3.50403, 

4,09203. 

3B _ 


5 . ... 

-.7.28203, 

8.33003 

/ - 

39 


data 

LTAB1/3HI 

*3H2 * 

3H3 ,3h4 


NZOlM « SO 

TEMP *> 2,222222222202 

00 10 1=1 ,31 - - ~ 

vthwt ( I ) = temp 

TEMP » TEMP ♦ 5.555555555501 
10 CONTINUE 

T0LaX5.=. UOE-3. 

TAr.8 = 2B8.3 
PAM8 « 1. 
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B7 

RklTA B .00639 

be 

ETAC ~ u.y 

59 

WA s 28.970 -- 

60 

TSTACK n 0.0 

61 

DPIN « .02 

62 

OPCO « U.Ob 

63. 

OPAP B 0.01 

6<4 

DPSG « 0.06 

6b 

OPPK s U.06 

66 

OPINJ n U«0 


06 = 2.0 . . 

KU B a.b2 
60 - 6.0 
C B Q. lU 

-LMBDAi = O.OS 

LM60A2 B 0.1 
ETAD B □•a 
F B U.uUb 

ETAG = 0#98‘* . 

ETAi B 0.98b 
PAUXPi B 0.015 
OHA » 0.0 

rtWAPl. 2t RWA ♦ I 

KP « 101325. U ■ 

H B 83m.69/KP 
HLH « 1 ♦ UHB0A2 

CALL SETUPtPHl ) , - _ . 

phho. tcohb. pcohs. uo.rmrp.rh'ox 

IFIPHI «EQ« PMllN) 60 TO 102 
I/VRITEC I0UT.3l00t 

^FOKMATt// ,35H PHI AND PHIJN ARE NOT^CONS I STENt 

1 38h check if PKOPEH DISK FILE IS INPUT ,// 

2 »2Uh run TERHInATEO •••• ) 

STOP 

CONTINUE 

?fP°* RMAftt RHC. RMS, (IrtiaC. RHAS, RMCW, RMAP 

SSiriJI'.*.. $*“9^*9* HHVDAF* XSt TSTACK 

AKITEUUUT, 220U) HEAD 

.WRIjettOUT, 22101 PHllNi PHHD. TCOHB ■. P.C.OHB.- OO.RMRP.RHOX 

SSitIIIPPI’ !I^Pi S”*'*' KMWC* RHAS, RHCW. RHAP 


HEAOtlN. 2121J {VBTdl. lol.NBTl... 

REAUCIN. 2121) (V8W(Id I^l.NBTI 
READUNt 2121) (VBHU), tsi,NBT) 

.2U,_?§SSSK! 

OK = .Cb-. 00Z5*PMHD«1 .OE-B 
IFIKHAP (GT* 1 •E'*30)DPIHJ k *03 
HSTACXaSlNTPAC VbT » VBH , TbT ACK .HUT > 

RMQP » KHAP * 1.0 

RMA » RHA« / RWAPl " 

TTIHI » TCOHB 
PPIB) a PCOHB 

PPU) *_EAH0*U .-OPINI 

PPUOl « PAHB 

TTtlQ) » TSTACK 
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pp > 
PP(3» 
PP< lU) 
PPIV> 
i» PP(8J 


HH( iU) a H5TACK 

PP(3> n I l,D + l>PCO) ♦ PPIM> 

PP(2J - (UU + OPaPJ • PP(3» _ , 

PP{V} a <l«tJ4>0PbG) « PPUU) 

PP(ti) B (l.O^OPPH) • PPIV> 

PP(7> a ( I .Oi-OPlf^J) * PP(aj 

Pt « PHHD / tlAl 

THtTA B 2325,98 • HHVQAF 
OKPJl a (PP(2)-PP< *» > > / PP(9) 

©•♦ Tl calculation 

. TZbTAMB ■ . . .... 

H IS LnThaLPY of mixture per POUND OF HOIST AI« . ^ 

HAMB =(SlNTPAiVTH«T*HAT*T2,3l I +RViA®S I N TPA I VTHWT *hWT . T2 ,3 1 I l/Rl^APl 
PRWT.PHAT and PROX are the relative press. FOR f^ATER VAPORi AIR 

..AND OXYGEN IaKEN FROM 6AS TABLES STARTING AT-.HOUK ( 222# 22K J MITH 

10UR(55.5S<?X ) increments 

PRA= SINTPA < VTHiiT iPK^T .TAMB.31 1 *PP « 2) /PPl I ) 

PHi'.a SINTPA I vThWT iPRAT .TAMQ.31 ) «PPC 2 »/PP ( i ) . ^ 

DnArf= ( SI nTPA (PRaT »HAT ,PKA .3 1 ) ♦RRA^S I nTPA tPRWT »H«T iPRo .31 ) )/HtiAPl 

I - HAMD . . 


PROX BSlNTpAiVTHWT,PR6XT*TAMb*31 )*PP(2)/PP< I ) 

DriOX=(SiNTPA<PKOXT.HOXT.PROX*3l I- 5 I NTPa I VTHWT . HOXT • T AMB . 3 1 I ) 
PCMArtH={oHA*+RMOX/RMAG#DHOX) •2325.9a/ETAC»RMRP/KMAW*PAR£lPPC lUM. 
HH( 1 I-HAMBfbINTPA(VThWT.H0XTiT2,3i >*RMOX/RMAW ♦ hST ACK/2325 • VO* 

I KMRP/HMAW 

H2 a HHI 1 ) 

TT ( n a FUNCT3(iiH( I ) I 
HHI2I a Hh< n^PCMArtH/2325.9B 
H2 a HH(2) 

TT(2)«FUNCT3(HH(2) ) 

TZ calculation ^ -- 

OAOD a ZTPtZqADQ, PP<*U. NZDIMt NT. NP . VI. Vpl 


T2 a 298,16 

H IS enthalpy of mixture PER POUND OF HOIST AlR 
hcombbztpizh.tt ( *♦) ,pp| *n .nzuim.nt ,np, vt.vp) 


HAP « (SiNTPAt VTHWT,HATiTSTACKi3I )+RwA*SlNTPA(VThY<T.M«T.TSTACK.31l 
1 J / RrtAPI 

_ HAD a (SINTPAI V rnWT ,riAT.T2*3U+ RWA* - S INTPA C V-THWT .HWT .T2.31T )/ 

I Ri^aPI 

UAOOP a a. BS36*NC*WC*«QA00/NC/WC+LMB0A I •THETAJ/IOSS.U/RAAPI/NA/ 

I Xb/PHI/WA 

. HA a HAU ♦ (JADOP 

hH( 3) a HAD+ ( I .U+RMRP^RMAP/RMaWJ •0AD0P-HHRP*RHAP/RHA#/*CHA«HAP)^ 

I RMRP/NHAWo ( I « 0-RM A P ) «HC OHB /2 3 2 5 . V 8 

H2 b HH(3) 

TT(3)aFUNCT3lH2) . 

yAMAkVR = (H2 - HH*2)I ♦ 2325.98 

HMIH) = ZTPtZH. TU^n, PP(*n, NZDIH. NT, NP. VT. VP) 

SS<9) a ZTPIZS. TT(*i), PP<9). NZOIM. NT . NP . VT. VP) 

RHORMOIH) a ZTPiZU. TT(M>. PPl^J , -NZDIH. -NT. NP . -V T .-VPJ. .9_ _ 
I PP( H) / IR*TT < 4) » 

iVRlTEC t0UT,2500)ETAO.£rAGi£TAl 
WRITE! IUUTt2600)LH6DAI .LMBDA2 

_ write UUUT.ZZOO) F iPaUXPI ,0RP31,FCHAHR_»QAMAWRi.Jil£lA..PHHOjE£ 

ARITEI |UUT.3aOO)C.OK.OB 
RDU) a UO 


a 
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171 

172 

173 
\7H 

175 

176 

177 . 
170 
179 

i»a 

lai 

1B2 

183 

18«l 

185 

186 
1B7 
1B8 

189 . 

190 

191 

192 

193 . _ 
199 

195 

196 

197 

198 

199 

200 

2U1 

2U2 

2U3 

209 

2Ub 

206 

207 

208 

209 

21U 

211 

212 

213 

219 

215 

216' 

217 

218^ 

219 

220 
221 
222 
223 
229 
225 

'226 

227 


fJTo MP» VT* vp; 
HPt VT. VPl ♦ 


VT. VP) 


201. 


290 

.295 

301 


X( 1 ) » 0*0 
sen ti SSI 9) 

SS(5) = SS191 

ucn » 00 

HH(51 » HH<9) - Q95«um«U(l) 

HU 1 » HH15) 

TT(5) a T2Z1SU), 2S. HCU» ZH . NZDIH. NT, NP . VT, VP) 

Till » TT(b) 

P6T « pZTtSU). ZS, Tin. NZOIHi NT, NP . VT» VP) 

PP(S) E P6T 
Pt I 1 c P6T 

SIGHACU b ZTPlZSIGHAt T(Ui P(l), NZOlHt 
RHOKHOCb) - ZTPlZrt. Til), PU), NZDIM. NT 
1 p(n/{RpT(in 

RHD( 1 1 a KH0RHO151 , - 

HUm X ZIPCZhU. T(Ui PU>t NZDIM* NT. NP 

K X KO 
VKU) X K 
Bin • 80 

HUH( 1 } « 0( U » MU( n 
JSAFE * 5 

PbS « PP17) ♦ U,08 

.Mb X Pb / ((ZPZCZH* PbS. SS(9). 2S,^Z01H._NT 
- HH(9U • (0.05 « KU 
IFCMG .LF. U.Ul Mb x 13U0.U • PHHO / 1 ,3e9 
KbAFE a JSAFE 

continue ... 

DN X 0.0 
I Y X I 
IQ X a 

.09 = ,OSQKT(Nb/(UUUJ?HO(LUJ 

KD9 X 1«D/Q9 

FXl X RHO( U*U( l)*F*2.0/(a( lU*29SlbHA(U*D9) 
N(U = K*(l .U-K»/( 1 .0-K+FXM 

iValO 

OP a lO.U 
UP6T X 10,0 
P6T X 10*0 
JCNT X U 
REPLACE XP CALL 
no 290 I«1 .NP 
IF (P(U *CiE* VPdll 
U “ I 
GO TO 295 
CONTINUE 
II X NP 


NP..VT,.-VP)- 


11 X XP(P( 1 ) , 
GO TO 290 


0\ * 2 


^COnT INUE 


continue 

IF 


P6T LOOP 


GO TO 305 


305 


(MQD(IQ,21 ,£Q. (J 1 
P6T X P6T ♦ DP6T 
P(IY) X (P6T-PPC7 M /0P6TXDP ♦ P(|Y-l) 
OP X p( lY-U “ P( lV-21 
ON X N( 1V“1 1 - NUY-2) 

FXi X FX|M - FXl 

GO TO 315 

continue 



lY * lY+l 
U » 1 I-l 

REPLACE PA CALL • P(IY) « PXJIl. 0) 

PUT) « VP(Il) , . « , 

riS » ZPZUH. PIlY). S(lY-n« 25» NT® NP® VT* 

VP) 

DHS ° H5 - HU Y-l » 

TLhP « 2*D*C»DH5 ♦ U(IY«l)»e2 
If (TEHP D®0QU) GO Tu 32b 

tifRITEUOUT. 2310) TEMP® C 

- GO TO bUQ - 

UU Y) * DSORTUEMP) 

OPOLU » OP 

OP * PUY) - PU Y«l ) 

. NUY) ■ DN/OPOLO*DP ♦ NUY-D 

FAIM > 2*0«FXl 

Vary faim* convergence based on n 

FACTA « d.O«KP» ( i .U4>C ) 

FACTN » U®boKLH« C I .□♦C) - -- - - • 

FT2 « 2,U»F 


continue 

HUY) o (FACTW*(NU Y)+NUY-U )-C)*OHS ♦ MUY-U 

TUY) = TPZCPUY), HUY), 2m. NZOIM. NT. NP . VT. VP) 
HH0«IY) » ZTPtZk*^. TUY). P(lY)» NZDIH. NT. NP . VT. VP) 
«PU Y)/CH«TI I Y) ) 

SIGMAUY) » ZTPiZSIGHA. TUY). PUT). NZOIH. NT. NP • 

vr, VP) 

HOUY) « dSUKT (MG/ (UU Y ) *KhoU Y) ) ) « RQH 
1C » VKUY-1) ♦ OK*DhS*HHOUY)/101300. 

VKU Y) w R 

BU Y) • BU Y-l ) ^ 

IF (PUYl ,»Lb. 2.0) BUY) « BUY) ♦ 

DB«DHb«KHU( 1 Y )/ 101300.0 

. FXIULD o FXI 

FAJ » F720HHOU Y)*UU Y) / ( 5 I GMA U Y ) oRq U Y ) »0R* 

BU Y)**2) 

FXIM a FXIH - FXIOLD ♦ FXl 

- OLDNY a N( I Y) . 

NUY) » naU.O-K) /( I .0-K^FXl ) 

IF (DAB5(0LUNY^NU Y) ) .LT. l«OE-b) GO TO 355 
JCNT a JLNT -I 
IF (JCNT .LE« 1 ) GO TO 355 
GO TO 3bl 

A(IY) » OP / UK-0.b*FXlH-l .0) • ( S I GMA U Y- 1 ) ♦S I GHA U Y 
)) • niUY-l)**2 ♦ BUY)«*2) • (UUY-U^UUY) I I • 

FACTX ♦ XU Y-l ) 

S(IY) a ZTP(ZS. T(1Y). P(IY). NZOIM. NT. NP • VT • VP) 
MUUY) a ZTP(ZMU, TUY), PIlY). NZDIM. NT. NP . VT. VP) 
MUB U Y ) a HU( 1 Y } «B < 1 Y ) 

ON a N( I Y ) «» N( i Y«l ) .... 

JCNT a 

IF (PUY) .GT. PP(7)) GO TO 36b 
HH(7) a 0.b*UUY)*o2 ♦ HUY) 

.. T5S • TZZCSUY). ZS. HK(7). Zh» NZOIH.-NT. NP . 

VT. VP) 

P5S a PZT(5(]Y)« ZS. T5Si NZOIM. NT. NP i VT . VP) 


TO 36b 
♦ HUY) 

HK(7). Zh» NZOlH.-NT. HP. 
T5Si NZOIM. NT. NP i VT . VF 



9--33A 


36B 




Cl 

lU 

IF 


IQ 

U 


P6T0LD = P6T 

P6T 3 ETA0« (P5S-P ( I V ) I > PilYI 
DP6T » P6T0L0 • P6t 


i 


GO TO 3UI 
37S CONTUUt 


t tP6T-lD*U*Q) .LE* PP(7)) IQ 

CONVEKGENCE TEST FOR F6T 

iV sj IV-lO 

IF iiV .LT« U) GO TO 375 

if lOAfiSlOP6TI •LT. UOO-IOI GO TO 375 

If IDAbS IPPt 7 1-P6T) #LT. 0,Q05) -GO-^TO 375- 


HG 


HQ5 CONTINUE 

-HH ( 6 ) 
5S« 61 


»R I TE( lOUT « 330U) 

OLDMb = MG . . . . _ 

mg = PE®RLH/ (MHI H )-HHl 71) 

IK (DAbS (0tOMG/MG«*UU) .LT* ZwOO^H) GO TU NUS 
KSAFE a KbAFE - I 

IF (KSAFE •LE* U) GO TO ^05 - — • 

GO TO ;iioi 

END OF KSAFE (FAl ) LOOP 


HI lY > 

SUV I 
PPI61 s PI lY 1 
TT 16) = TU Y) 

- RHORHOI 6) * RriOI lY ) 

HbSP - ZPZlZHt PbSi 55(4)« ZS« NZolM» NT» NP g VT • VP) 

ETaHHO » PE / lMG*lHH(H)*.H5SPn 

TU7> - TPZ(PPI7), HH(7), ZHg NZDIMg NT* NP * VT, VP) 

SS(7) a ZTP.tZSg TTUli PPI7)* NZOIMg NT g Npg VTg-VP) 

RMORHOt?) » ZTP(Z«. TT(71. PP<7)* NZOIMg NT» nP g VTt Vp) * 

I PP( 7 ) / <««TT I 7) ) 

TT < d 1 B TT I 7 I 

. .. SS Itt) = SSt / ) . .. 

KhORHOI b 1 w^RhOKHOI 7 J 
Hri ( B ) £ HH I 7 ) 

IF (RMAP .LE» 1*00-30) 60 TO ^25 ^ , 

mi DMA «(SINTPA( VTHA'T . HATg TT<a)g 3U , 

I SlNlPAl VTH«T gHViT *TT < a ) g3l ) *KnA ) /KWAP I -HANB 

HH(d) = (HHAP^OHA HH ( 7 ) ) / (RMAP^ltU) 

TTOfgE» > SlNTPAlVBHg VBTg HH ( B ) * NBT) 

. _ IF (OAOSI TT I tt) -TrSNEH) *LE* U.U GO TO ‘US . . . 

TTta) « TT8NEW 

GO TO *U 1 

HIS TTIb) > TT6NEA 

SSId) » SINTPAIVBT* VBS* TT(B)g NBT) . 

RHOKHO(a) = SINTPAIVbr* VOWg TT«B)* NOT) • PPC8)/ 

1 IR«TT ( B) 1 

M2S HH(9) = HHib) - QAHAvVH«RMAft/KMGP 

_ TUV) = SINIPaIVoHi VdTg HHtV). NbT) . . . .. 

SSI9) « SINTPAlVBTg VbS. TT19)* NOT) 

HHORHOIV) » SlNTPAlVbT* VbWg TTI?)t NbT) ♦ PP ( 9 ) / C R»TT I 9 U 
OUI « PE - PMHD 

. . . QbO ** MG * RMGP • IHHi 9 1-HH UO) 1 

OC » KMC • THETa • MG 
OSl » LHBUAl « QC 
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342 

343 

344 

345 ■ ' 
3,46 

347 

348 

349 
3bO 
3b 1 

3b2 

3b3 

364 

355 

356 

357 

358 

359 

36U 

361 

362 

363 

.364 

365 

366 

367 

368 .. 

369 
37U 
371 

. 372 

373 

374 

375 

376 

377 

378 

379 

380 

381 
3B2 

383 

384 

385 

386 
38 7 

388 

389 
3VU 

391 

392 . 

393 

394 

395 

_396 

397 

398 


M<; 


460 


0S2 « LMB0A2 8 PE 
PC » PCMAn« ♦ «MAw 

.etas » 0o39 

DU 460 KYpi«7 

etas « etas ♦ 0*0l 

ETASF » U.995 • ETAS 

ft£TA5 « IpO/ETaS 

VETASCKyi =» ETAS 

PSCaY) « I ( UO-^ETagI^PC -QSO - 851 - W52 - DUUvETaSF/ 

{ (HETAG-l .Ol^tTASP-l «0) 

PSE(KY) a PStKYI - PC*ETAG , , — 

aaacr>Y) « pseikyi • retag - pseikyi 
qSCKYI m U.995 * ( OQG C K Y I ^eS0«*0S 1 ^US2<>08n 
PUCKY) ■ IIaO-PAuAPU^PSEIKYI ♦ PHHU 

- . . eTACK.Y) a P0(KY1/QC 

cuNTirguE 


LPP3 

la a 

VY a 

tv a 

KY » 

LUO 

LC a 
UT3 
L80 


hhahg 


RHRPM8 a 
KHOAHG a 
RHaWHG a 
a RHA#HG 
KdGPHGa 
RMAPMG a 
RdCHG a 
RflCftMG a 
RHSHG a 
RMkVCMG a 
RdiVSHG 
RHARP 
RGMARG 


OUTPUT 
c 1U«U»PP(4) 
iua*u<»K 
lD.0«PRP3i 
Yt ♦ 0»S 
10*0«i YY-IV) 

- U(ll 

1DU'»U«C Q.5 
a TT(4J 
8(11 


KMRP*M6 
KHOX«dG 
RHAW *HG 

KHGP •HG 
KHAP «HG 
t HMC *116 
! KHCb «HG 
I KHS« HG 
1 KMWC aWG 
= «HG 

RHAWHG+KHRPHG 
«G ‘•'RWAPHG 


rtKITEt lUUT.ZaOO) PPCll* TTC n .pp(2> ,TT(2I .PPC3) ♦TTC31 
WKlTEt fUUT. 29001 PPI4),lT(4l» pp C 7 1 • TT C 7 I t PP C 8 ) » TT 1 8 1 i 
I PPC9)«TTC9lf PP(l01*TTUai 



RHA«nG 

RHAKP 

RMA«P .. 

RHORHOI Jl .55(31 .HGv 


I Ja4.6 1 

iVKITEl lOUT »2425)LTAB1 (7I«PP(7).TT(7).HH(7 ) •KHORhO( 71 »SS(71 »KG 
lYRlTEl |UUT»242bl (LTA81 ( J ) iPP ( J ) .TT ( J2 » HH ( J) .KHOKHOt J1 «SS(31 « 

1 KGHAHG,Ja8»10l 

WKITEUOUT. 24301 
JY a lY - I 

ir CJY fLE« D> GO TO 485 

T/Rl T£( lUUT o243bl (LTA82( Jl .X(3) « Ro(3) t 
H(jl. RHOCJli UC3S. HU(J|. S(J1« NIJI. 


P(J)« T(J)e 
nUbC Jl • 


S1GHA(3) 1 
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REPR0DUC!iilLt7'Y OF THE 
ORIGINAL PAGE IS POOR 


399 

9Ua 

4Gl 

902 

9U3 

909 

MU& 

906 

907 
9Uti 

9U9 

910 

911 

912 

. 913 

919 

915 

916 

_917 

9ia 

919 

92U 

921 

922 

923 

929 

. 925 

926 

927 
92ti 

_929 

930 

931 

932 

933 

939 

935 

936 

937 

■ 93a 
939 
990 

. 991 _ 

992 

993 
999 
995^ 

" 996 

997 

998 

999 

■ 9b0 

951 

952 

953 
" 959^ 

955 


985 




XiJURDiJlf SIGMAUIm- 

HUlJli. 5<J1* N(J)« MUdlUl 


VKC 

J = lY 

kyKlTEdUUT. 2935) tABS* 

H( Jl » KHOl J) t U( J) 

« VK(J)i BiJ) 

V > 0*5 * D9 • (RO(IY)^UO) 

-XVD9 K (X( lY) 4. VI • V 

Db sf KD( I Y) *09 
A9 e 09 « 09 

Ab =5 Ob*Ub 

.. WKiTEt lOUl ♦ 29901 MG » RMaI^G 

KMCHG> RHSMGt RHiltCHGt RMWSHG# XVD9f 09t O^t 

A9. A5* UC, ETAMHD 
DO 99D XY=l »7 

= P5£CKY)/ETAG 

- PSeiKY) + PMHO 
= PSEUY) • PAUXPl 


RHA6HG# RMGPHG* RMaPHG » ~ 


990 


PSETAG tKY ) 

PS£MH0(KY) 

PStPAU (KY ) - , - . 

CETAll'.Y) 3 3912. 16/E7A(KY) 
CON'T IWUE 




/IKITEI IUUT.246U) 

Art ITE nOU > »2‘tUU) < V£TAS( J) >J~ 1 «7 > 

AKiTEl I0UT,2<I70) (USO.jEt ,7) , (osl I J>=1 ,7) 

. (uS2oJ°UV)t (UUI«J=l«71> (0Q6<-Jl«J«J»7l-«- 
(lnS( J) iJs] ,7) • (i*S ( J> >7) • 

tat^iYAr.itx 1^1 71 lPS£{J)tJ«l#7)i 


1 

2 

3 ( P 5L T A G ( J ) I U** i < 7 ) t CPC»J»li7)i • r p 

9 iPMHDi J=1 •?) , tPSCMHOUl. J»U7)i ( PSEPAU C J ) » Ja 1 » 7 ) 

5 (PU< J) .J-l f 7) *{CETAU1 »J»1 *7) 

WHITE! I0UT|2990) (ETA( J) »J»l i7) 

CONTINUE 

continue 

GO TO lUl 


999 
5U0 

^"ziOO FORMAT lap 10.0) 

2110 FORMAT! 12) 

2120 FORMAT(aFia.O) 

.2200 FORMAT! ImU 12A6/ IH ., 12a6) . . . , 

2210 FORWATHhO. 6HPhI * f F6.;i, bX . 6HPHH0 lPE12.bi bX* 

1 0HF8pI, bAt 7HPC0rta «i FB.3i 5X * 9HU0 « • F8.2# 

2 /.IXp7hKMKP “ .FlU.3pSX.7HRH0X « .F10.3) 

2220 FORMAT! 1hO» 6riRhAW =i IPE19.6, 5X* 6H RNC *»E19.6| 5X» 6H .RM5. 

1 E19.6 /IH « 6HHMWC E19.6« 5X • 6HRHftb »• £19. 6» bX« 

6HRMC» El9»6t bX« 6HKMAP £19*6) 


^7HTC0HB*»i 


•t 


2230 FORMAT! IrtOi 9HViC = . F8.2* bX. 9HNC FB»9, SX. 9HMA 

1 5X. 8MHHVUAF =o lPt;i9*6 /IH % 9HXS .« ». £ 1 9 • 6 . _5X i 

2 IUHT(STACX) tt* tl9.6) 

2290 FORMATIIhO. 29H^ • I TeK A T i ON ON T1 FAILED) 

2250 FORMATUhO. 29h* • I T£K AT I ON ON T2 FAILED) 

.2300 FORMAT! 6H IPE13.6) , - 

2310 FORMATUHO/lhU. 42 h#* CALCULATION OF FLUID 

1 22hTAK1NG square ROOT OF , 1PE12.5i IH 

2 2lHC0RKENr VALUE OF C « . £12.b. , . 

3 9jh* hibHER Values of c will also be ignorlu 


“ Ffl.9, 


velocity' 

/IH . 


2900 FORMaTUh . 2X 

291oVoRHaTUh6»^3X* 5h 1NPUT/IHQ« lOXt 5 h PHI » F5.2 

1 9H P3 .t F6.2| 9 h T3 , fS*Ot\ZH <Pl-P3)/p3 

2 3N U , F9.U» 3H C . Fb.2. 9H LAMBOAI i F5 

3 Fb.2 /IHOi 3H K t F5.2i 9H PE . 1P£B.1» 


■'involves 

sx. 

) 


2Uh-. 12). iH-i 211. iH-i ?3. IH-. 12. 1H-. 19. 
SHlNPUT/lHQ. 


7h cycle . 

^-2. 9H LAM0A2 
9h P6 t 0PF6.2, 


9“337 


Hbh 

Hb7 

HbB 

<* 6 Q 

H6i 

H62 

S6i 

*»i»S 

*t s* ;* 

*1Cj& 

•Ut7 

H6B 

H69 

H7Q.__ 

H7i 

H72 

4 73 

4/S 

4/h 

S/A 

4 // 

S/U 

4/9 

4UU 

4tii 

4B2«. 

483 

464 

485 

466 

467 
4 66 
469 
4VU 
HV I 
4V2 
4V3 
494. 

495 

496 

497 
490 
499 
5UU 
5UI 
bU2 

bUJ 

bus 

bUb 

bU6 

bU/ 

bim 

bUV 

blU 

bll 

su 


4 6H £TAU t Fb«2t iH F i F6«3« 4H Td « F4.U» 3H U » F2«U* 

5 6M PC/HAA • F7«D. SH PI » F6.2. 4H Tl • Fb«U* 4H p2 » f6*2 

6 /1H0» 4H 12 , Fb.U* 6H ETACi i F6ii3i 6H ETaI « P6«J| 

7 IUh PAUX/PSE • F6«3» 6H QA/KAW • f7»0» 7H THETA » IPEIQr^ 

ti / C1HU» ah etas « UPF6«2. 6UH« F6«2UI 

242D FORMATIlHO»//*IlXi lUHbAS STATES t // « 2X • 6HP0 INT ibX • IHP ■ 

I IUA« IhT* IOX. IhH» lux. 3HrtH0t 9Xi IrtStVX . IHH.// » 

2*t2b FUKHATliH • 2X. A3. 4 a. t6.3. SXf.pb.U. 4X. f“V*U. 4A. F/»4, 

; H N . t / • I . *1 H • I 11 « 1 1 

t (Itll * U* V 0 I AMi.l Ml ti A t lilt .IMH./M PillHI. 

1 /X. AhLLNulM. *IX« ShU/IJS. bXt IMP. /X. IHl. 4X. btIbluHAt 

2 7Xt 1HH« 7A« 3HHH0. 6A« IHU. /X. 2HHU « BX» lHb» 7X« iHNt 

3 6X. 4HMU*U. bX« IHX. bX. IHBI 

2435 FORHATCIH . 3X • A3* 2x. F7.3. 2 a « F6«3« 2X. F6«3» 2X« r5«Uv 

1.... 2X« FA.3b 2Xi FB«U* 2X . F7>S. 2X «. F6» I 2X » . F7«4 « - 2X 

2 2X. FA.4» 2X. F7»4. F6*3« F6«2) 

2440 FORMAT ClHO. 3X. 2bHMA5SFL0»S . GENERATOR AREA 

SX. 4H MG « FB.3. 4H HA • F8*3t 4H HA». FB93» 

4H HG«* FB.3. 4N MA • . F8*3 

bX. 4H HC . FB.3. 4H HCtl. FB«3i 4H Hb t F8»3» 

4H MNC. F6«3t 4H M\VS« FB«3 

6X. IbH (X DH) 6 qH t F9«5t 3 h D4. F7*4o 
3H Ubt F/^4. 3H AS. F7*4. 3H AS. F7.4 - 

. 6X. 12H Theta • hc . iP£i2«s« bh etahho • Qppa.bi 

>2Xf A3.4X.F6.3«4XtFb.0«4X.F9*Oft22X*4X.F8.3) 

>2Xt3h0 “ - 


1 /IH 

2 

3 /IH 

4 

b /IH 

6 

/ /XH 

2423 FORHATC iH 

2424 FORHATC iH 


2490 FORHATC XhO 
I AC2X 

2bU0 FORHATC XhO 

1 

2 


2460 FORHATC XHO 


X3X. 


. 19HUVERALL PER 

2470 

^ORHATC IHH 


‘iXoSHOSO 

. .3X,7c1‘<*5 

3 

/IH 


4X. 

8HQSX 

.3X.7EI4.S 

4 

/xh 


4X. 

6HWS2 

.axt/EiH.s 

_ 5 

_ /IH 


4X. 

8H0Q! 

.3X.7£l*t«S 

6 

/iH 


4X. 

BIlogG 

«3X.7EI<«.S 

/ 

/Ul 


4X. 

HHIJb 

.3X.7X 14. b 

Ji 

/IM 


4A , 

HHPb 

. lA./l IS.b 

V 

/ tl4 


4A. 

mil* i 

..lA./i |‘i«b 

1 

/In 


4X. 

«MPC 

.3X./Ll4.b 

2 

/Xh 


4X. 

BlIPSL 

•3X*7E14.b 

3 

/IH 


4X. 

6HPMHD 

.3X.?E14.b 

4 

/Xh 


4X. 

BHP5E^PHH0.3X.7£14.5 .. 

b 

/Xh 


4X. 

ttHHAOX 

.3X.7Et‘>«& 

6 

/XH 


4X. 

bHP 

•3X.7EX4.5 

7 

/Xh 


4X. 

BHHK 

.3X./EI4.5) 

24BQ 

FORHATC XhO 


• 1 1 

hSlEAH 

PLANT ,/ .IXtl 


.7H0VEKALL . / . I X . i| HEFF 1 C l£NCY •ax.DPfUcHt 
.FX2. 41) 

,IA.I2HEFFICIENCIES / . SX . BMO I FFUSER .UXtFI0»4 / 

.bX.ltoHKOTATiNG GENERATOR .2X.F10.4 / 

,bA.X4H0C/AC IrtVERTEH .6X.F10.4 ) 

26UU FORHATC IhO. IX i 19HHLAT TRANSFER RATIO • / . 6X, 

3 3/HFRuH CUMOUSTeR TO SUbPOSEO PLANT « • Fb.j» / «6At 

, 4 37HHHU GE»)IERATU« TO SUBPOSEO PLANT » • FB.3 J 

2/00 FOKHAT C//#6X.2VHFNlcn0N FACTOR IN HHO OUCT « »lXtF6e4 ./.6X» 
b lOHPAUX/Pbt IX.FB«4./f6X.I6H(PI«-PC0H6)/PC0HB »ilXtFB#4f/t 

6 6X. BhpC/HAW «»lXf XPL12.B. /.6X# 6HQA/HAl!^r >i»XX.E12»S» /b6X» 

7 7HTHETA «.4X.Ll2ftb */» 6X.6HPHH0 ».4Xt£l2«S- 

B SHPE s.bX .El2«b I 

2000 FORHATUhO. iXf BHAlR S|OE .OX.ShTOTaL t 3 X bBHPRESSUKE i3Xf 
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9 ‘//lMx‘!?Al'.?t>MPWfSSOk . 3X.F10.H, HA.no. ^ . / . 

B «(X,10MAlK PrttHtATLK tAlI *‘5 •? | “ • ^ • 5*BrtPrt£SSURE .3X. 

2 VOU FOKHATdllU.lX.eilGAS SlUE .IHX.bHTOTAL , 3X , BriPrttSSuRE • X. 

c '//I^HxVlHHMHO DUCT J NLET . > 2X , F I 0 . H • H X , F lU.H »— /- • » HX* 

n 13H0IFFUSIlK LXIT *13XiFlU**t • y* 25* 

E i3hinjector exit .13X.FIQ.H •Hx.nu.H . n 

F lUHAlh PRtrtEATER EXIT . Ba, FIO.H * HX. A.a* j 


3U00 FOiiriATI IkU,‘iX«3HC 
I lA.FO.H I 

VVVV i AU I At ) 

LNU 


iPHttbC PCF.I-UNCT^ 
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REPB^ODUCluriiTY OF THE 

ORIGINAL PAGE K POOB 


PR-.LIM 


•mhdduct. 

1 

, 2 - 
3 
H 
S 

. 6 

7 

8 
V 

lu - .. 

1 1 
12 
13 

. 1 H . . 

Ib 
i6 
1 / 

.. la 


PKEL 

c 


IH 


10 

ti 

9 


C - - 


19 

C 

20 

c 

21 


22 

c 

23 


24 

c 

2S 

c 

26 

C -- - 

27 


2d 


29 

c 

30 


31 

c 

32 

33 

34 


3b 

36 

37 

3d 

39 ' 

4U 

c 

41 

c 

42 


43 

44 

c 

45 

c 

46 


47 

4d 

c 

49 


bU 

bl 


S2 


S3 

c 

b4 


bb 


S6 

11 


SUbKUUTlNE PrttL IH lKMA^^.«HCoKN5,KHttC .KHWS tRHCM tKHAP »«HHP • KHO A * 

1 H«VUAr'*Xb,MJrt ,Al •UA«*ITt.f<AT i 

HF AKE HEATb OF FOKMATION OF b£EO COHPOUNOb 

implicit double PKECISIUNU-H,0-2) 
dimension AMlUH I «SMA4 H ) «Hf 

OlMtiNbiON UAlZHl r.. \A. 

AHA AKF. the Hrt OF K2«CS2 AMO Shu 'AKE HUL* OF bEtO COMPOUNDS 

REAL MaMC* MAAHC tMtriCHC tHWiSHC , HSHC. hO AHC # HGHC • HSMCP 
DATA AHA/7a.iUU, /S *200 «26S *8200 • 26b • b20U/ 

1 SHrf4/lJ8*20U. 17H*260U, 32b. 0300. 36U«9UU/ • 

2 HF /-27*tV60 *00 1-338620 .00,-267400 cDU# -3 J93«U *00/ 

FOHMAT i i 

FOHMATI I2A6/I2A6 1 

FORMAT ( Ifil 1 “• 

MKIT£(6f 9) 

IF mtHAT.Gt. UbU TO 20 

HtAOlb. fl MHAI I » 1 I = X ,24 1 ^ ^ 

UEAO IN FUEL COMPOS. AS AT. PERCENT OF CARfaUN C . HYOROtiEN H, 

OXYOEN F02, NITROGEN FN2, SULFUR S ,H0 I STURE , ASH 
HHV AND SENSIBLE HEAT OF FUEL ON AS RECEIVED BASIS 
RLAUIb.lO) C, H. F02, FN2, b. FH20. ASH, HHV, fhH 

READ percent MOIST AFTER DRYING - AS FIHEO-, 

RLAUlb. iUIOFH/O , .r 

^ SK2S04, 3* CS2C03 4« CS2504 AND 6T#, 

IN SEED solution AND *T* PERCENT 


♦ 02 and moisture in air SUPPLY 


rttAO IN SEED type 1= K2CU3, 2 
MOLtS OF iVAtER 10 S£LO MULES 
OF SEED IN products 
KEAD lb^lU) LASC. KftS , R 
K»R/ lOU* 

RLAO IN AT. PER CENT OF 02 IN AIR 

REAOIb.lO) A02. R«A , 

CALCULaTf comp. bUbSCKlPTS OF CHEM. FORM* DRY AbH FREE FULL 
Cl ^ C / 12.01 1 
HI ^ H/UOUti / Cl 

FOI = F02 / 16. / Cl - - 

FNI = FN2 / l4.uUd / Cl 
SI = S/32.066 / Cl 
Cl a i. 

FMA IS HA OF DAF COAL 

FMW = I2.UI l.UOti*nl ♦ 16.* FOl ♦ 1H.0U8* FN I * 32.U66« SI 
HmVUAF =HHV«1UU./ ( I 0U.-FH20-ASH I 

calculate HEaUNG value in xcal/kg. hole 

HVPM 5= MHV0AF*232b.H3/*H84.»FHV< . ™ 

HOF = HVPM - CI« 94040. - Hi •U.b • 683l7. - SI • 6V3U0. ^ 
calculate h20 entering as MOISTURE IN ThE COAL AS MULL KaTiO TO 
dry AbH FREE FUlL LAHhUA . ^ , 

KLA =UFH20 /(luij. -0FH20 - ASH).* FHW /|tt.016_ 

CALCULaU hole fraction of seed compound IN fuel HlX. A3 

C =» I ./( 1 . + KLA) 

ALF *^Rv^b • SHrt(LAbC) / U.016 

0 =tll, ♦ ALF) • C - - . ^ 

A3 = K*C* (FM^I * KLA * lti.016 I / i AH.V i LASC ) FHW ♦D*RtA« 

1 18.U16 - SH^^rlLAbC) - ALF oie.016 )| « •, .iu 

calculate hole fraction of combustible aI and water a2 iw fuel 

„AI„P C. -.0* A3 ._ 

A2 s AI» RLA aLF*A3 


b7 

btt 

b 9 

6U 

61 

62 



69 

6b 

66 

-.67 _ 

6 B 
69 
7 U 

.71 - 

72 

73 
/H 

... 7b 

76 
7 7 
76 
79 

Ul 

U2 

B3 

«9 

6 b 

U 6 

ti7 . 

66 


av 

9U 

91 

92 

99 
9b 
96 
9/ 
9a 
99 
iUU 
lUl 
iU2 
1U3 
lUH 
lUS 
IU6 
107 
IU6 
109 
i 10 
.. 111 . 
112 
113 


C 


c 

c 

t 

c 

c 


c 

c 

c 


c 

c 

.c 




c 


t^HlTEi6« 1 1 MhAU 1 I 1:^1 «29) 

13 F0KnArt2aX, 16HFULL COMHUS 1 T 1 0N/2X » 1 1 HCOMb « HOLLb » 9X t 6HC AKBON « SX » 

1 aMHY0HuoLN«7X,6HQAYOb:N*7X»BHNlTK0GLNk3A«6HbULf'UK } 

tVNITLI6il3) 

PrtINT OUT ThUEE LINES OF SECOND INPUT SHEET FOR 2bD2 
HFV^ = -68317. 

_ tV«lTL(6.lO) AUCl »Hl .FOl .FNl bSl . 

19 F0RHAT13X*2bHC0rt6« HEaT UF F0KhaTI 0N= ,F9 • I , 3X t 1 9HCUMfa . DAF HHV«» 

1 F9.l/3X.l9HH01bl . HOLE FH AC T . = . F9 . 6 , 3X * 23HSEE0 COMPOUND HOLE FHAC 

2 .3HT.-.F9.6/3X. 17HC0MB. MOL VlT C 1 =» • F9 • 9 ) 

„ . WHITL(6i 19 J HOF .HHVDAF ,A2.A3 .FhUi _ 

CALC, holes uF hoist. BROUGHT IN WITH EaCH HOLE OF DRY aIK EPS 
EPS ° KUA /lb.Ql6 • 26.97U3/ iOU. 

A = I . / ( 1 .-►LP5) 

U = U . + ALF ) • A 

CALCULATE HOLS UF 02 PER MOL OF UKY Al« KOA 
A02=AU2/ lUU. 

UUA=( A02-.2319 ) / t I .-Aa2 I ♦ 28. 970 3/ 32 » 

E = U. ♦ EPSl /(I. rfOA + EPS I 

CALC, holes of seed COMPOUND FOK EACH MOL OXIDANT B? 

B7 - K*t*A* « 26. 9703 ♦ £PS*ia.Ul6 -»-K0 A ♦ 3 2 . > / ( AHft ( L ASC 1 ♦ 

I (26.V7U3 -t-EP5«lti.U16 * KOA * 32.1 ••SMuvlLASCl »ALF«18.U16U 

CALC. DKY AIR MuLES P£K OXIDANT HOLE-** OAH 

UAH = F « (A - B7) 

CALC. INPUTS FOK OXIDANT IN 2b02 
bl = U.2U99* OAil 

B2 = U.78U3 * 0AM - 

B3 - U.UU03 ♦ DaH 
B9 = U.UU9S « DAM 


06 =ROA • 0AM 

the moist# ASSOl# YdlTH AlK IS SEPARATED. FROM.,, THAT. YU TH. SEED -SINCE ^ 
They enur in different phases 

Bb = EPS • UAH 
06 = ALF • 07 

PUlM OUT NUS. NLtuEU FOR 2bU2 ... 

HC02 -V9UHU. 

HbS = -S7760. 

15 F0NMaT(23X.I9H0XIdaNT cOMPOSITIUN /12H 02 HOL FRaC* 2X.11HN2 MOL F 
-iRACtiiX. 12HCQ2 MuL FRAC. 2XtilHA HOL FRaC# 2X.19hSEEu MOL FRaC 1 

AHITE16. IS) 

YM1TL(6« lU) lU io2 iB3 ,B9«o7 

16 F0iKHAT(3X.22HHUl FRaCT UF VAP H20= . f9 . 6 1 5X , 22Hh0L FRACT OF LIQ H2 

10= tF9.a/3X.2 JHHUL FRAC OF 02 EwKICH.- .F9.6) . .... 

UKirE46f)6) oStu69Ba 

BEGIN CALC. UF MASS FLOrt RATE RATIOS 

XS IS THE S701 CMlOME TRlc HOLES OF OXIDANT P£R MOLE OF FUEL 

FIRST XS fjIVhb U2 REmUIRED bY CUMB# .+ CARBONATE SLED IN FU£L+-.OXiU- 

SH a U# 

IF IHOD ILASC.2 J .tq.Ud ) SM = U.5 

XS=UU(CI ♦ 0.2S*HI - U.bi>FOI + 51) - SM*a3)/CoI + SM*b7) 

-CALC* molecular WT uF OXIOANT UMIV . ... . . 

QHW a DAM «26.97u3 -* ( BS *t'B6)* IB. 016 * B7»StiY4 (LASCI 4 bB»32 

17 F0RMAT(3x*22hM0L KRaC OF AlR ( N A ) « • F9 ♦ 6 • 3X , 1 9HM0L FRAC OF 02 (NO/. 

1 .2HJ=,F9.9) 

rtHITE(6t 1 /l^DAM.bB . _ 

Rmkp is the Hass raTio of Recirc* prods* to duct flow 
READCSUO) PHl» RMRP 


REPRODUCH;!! JTY OF THE 
ORIGINAL Page is poor 


U4 

C ( 

1 lb 

C 1 

U6 .. 

^ . 20 i 

117 

c 

IIB 


119 

J 

*120 


121 


U2 


123 

c 

. 12*j . 


12b 


126 


127 


12B 


129 


130 

131 

132 


133 

40 

134 

41 

13b 


..-136 

. 4? 

137 


138 


139 


14U 


141 


142 


143 


144 


14b 

~39* 

146 

147 

22 

.148 _ 


149 


ibo 

23 

Ibl 


152 

24 

lb3‘ “ 

i 

lb4 

Ibb 

too 

1S6 

200 

157 

158 


RT.SC 

PCF.PW^RE 


calculate: HASS FLOtt KATIUS FOR INPUT EtlUlV* KaTIOS 

«MAH IS ratio of SUpPtEHLNTAKY aIR TO HQ 

RHAP cQ, ..... 

calculate molls of sled supplied for Each hole uf daf combustible 

SHCM *{A3 + XS*PHI* H7) /Al 
MA5MC B 5MCM •K«*b *18*016 /FHW 

MSHC a ShCH a SHiK ( LASC ) /FH A . . - 

MAMCs DAM»28.V7 u 3 /FMW *> Xb* pHl /Al 
MiiCMC St KLA«i8*Ul6/FhA 

MOXfIC may NOt bt COKKECT rtMRP*KHAP>0» 2/2U/7& DQH 

HUXrtCaR0A*3Z./2tt. V703 • HAMC . . . 

MAYiMC sll.+ KttA/lOO*)* HAMC 

MQHCP-M*^^ MA'JHC * MtWcMC + MftSMC ♦ HSHC ♦ HQX«C > / U •-KHRP I 
IF IPHl .LT. i*l RMAPall-OS-PHIl/PHI* Ma WMC /HGMCP/ < i • -R mRP | 

DO K=l .lb ^ _ 

«MArt=MArtMC/HQMCP 

HArtMC =11 KrtA/lUD*}o HaMC « KMRP *RHaP«HGMCP 

M6MC =il.+ MaHHC ^ Ht^CNC ♦ MWSMC + HSHC ♦ HOXMCl / (1 •-KMKP I 

U lAbSUM6ncP“MQHCl/HGMC)cLE.*U00n GO TO .42 _ 

HGrtCP=MGMC 

format ( iHU, tHGOC ITERATION HAS NOT CLOSED*! 
tYHITE(6«4n 

khc=u/hghc , . _ 

R«A4V=HhC*HAA’HC 
KMS =KHC*HSHC 
RfiWC = rtMl.«l1RCMC 

rtMY*b^HHC»MiVSrtC . 

KHCH=KhC+RHUC 

rhux=khc»moxhc 

IF< IT£RAT«LE*U)qO To 39 

IFC UERAT^LT. lOIGO TO 200 _ _ __ 

CONTlflUE ^ 

rtRlTElA, lUlHGMC.MArtHC 

FORMAT! 2bX»2lHHAbS FLQA KATE R AT 1 0S/3X • 4HPH 1« «F7 *3 »bX tF?«S J 

ttRlTEl6*22) PHl.XS . . 

WRITE(6«23) 

I T£( 6« lUlKHOX »KriRp«RHAP 

format Li>Xt4HHHAKi9X *3 hHHC. lUX,3KPMS.9AiitHKM«C«iPX«JIJrtaM»SjLlX^aHRHC«. 

>VHITE<b*241 

ttKlTLl6*lU> RMAAt HrtC* RMS. RHttC* RMl«S » HMCW 

continue 

Rlturn ... 

END 







E1«HHD0UCT*S£TUP 


^ SUbKOUTlNt SbTUPtPHl) 

IHPLlCJT DOUliLE pKEClSttJN lA-H# 0 Z) - 
lNT£btK head upAni2m. 

«*!!:! “"iriii-.l-i-wr" . - 

■■' REAUtH) J*1 .nFUEI.> » ‘ 

^HEAOtHJ UZNUU%i ;f»l jNT> I 

KEAt)l*»l-t tZ»lAUDll •’J * f ’ j-i!nPJ * 

RETURN 

END 


SO). ZH( 
l.,SO).._SC 


bU.bO) • 

uo.itn 


.satio^io). 


7s 9 n ,j) »i»i »io> I 
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8. BLOCKDATA 


i:i«hhdduct< 


BLOCKDATA 

HLOCK 

IHPUI 

CQHMU 

1 

DATA 

2 

i 

H 

b 

6 

DATA 

I 

3 

*» 

b 

.. 6 ^ . 

/ 

b 

V 


DATA 

CIT D0U6LL P«ECi:»lUN (A-H. 0-i) 

N /C0MT2/ HATt3U* Hrt T t 3 1 ) * VTHWT « 3 1 ) tRAA *K«aP I t H2 fHOXT < 31 1 » 
VBHlbU) BKHUX.KHAAtKHKP.VdTCSU) tN8T ^ 


HAT / •-Zfl 

„ y.‘i322UDl • . 9*B 
U9V*ib2D2. 2*2 
3.32222D2* 3.b 

H«7i332D2» H*V 
6. 1^84202. 6.4 

/.61b32D2» 7.9 

HrtT / -4*0 

4*B24UbU2d637ul , 
1 •8S129934279 d2» 
3#2Ba632b24i402. 
4.HU45u/6U212d 2, 
A. 403974742401)2* 
8«uB77/7bbUBQ02* 
9*aS24uV4672U02* 
1 • l6V0497d33U03* 
l«3bV3b6IbOVbOJ* 


-2*l9580Di. U992U0DU* 2.59d2UDl* 5>«UU 

9*B772UUl» - 1*2349202* 1 • 4t$bu2o2f.. 1*73 

2«2b41202> 2*S16BZ02* 2*7B2b2D2* 

3*596U2D2* J*B7222D2* 4#l5u62D2* ‘*•^3 

4*9973202* b. 2829202* b,b7uU2D2* b*6S 
6.4396202* 6.7319202* ./*li2b4202* 7.31 

7.9117202 / , 

«*4 .061939964S1D1 « 3 . 6B5662S22 i3pu * 

7ol . 9.3239392539001 1 1 .3dai774Vb5b|}2 * 

9d2. 2.32199 20603802* —2*8(11066^166902. 

402. 3.78491390/6402* 4 *29u I 86V9b2302» 

2o2. 5.3282087566502. 5.86 1 34bV6ttUu02 , 

002. 6.9b5V840675a02* 7 * b I /42944V4uU2. 

002. 8.6674072469002* 9.2bb66213 1HUD2. 

002. 1 *0457260710503* 1 • 

Uo3» 1.2318162131403* I «29527QV2UU/1)3 « 
B03. 1.42413415Z75D3* 1*4894871/23003* 

303. 1.6219139U4U9D3 A 


ENTHALPI 

DATA 

1 

2 . - - 

3 

4 
b 

end““ 


S.U072U01 » 

I,738l202». 

3.051U202* 

4.4310202* 

b«65d6202t 

7.31992D2* 


7*bl/42944V4uU2. 
9.2bb66Z131HUD2« 
l.lU7ul04a49ui>3. 
1 .2952709200/1)3. 
1.48948717230D3* 


1.55542855/7303. 1.62191390 

ES AKE aDJUSTEO to 2EH0 AT 32F 
HOXT/ -2.U188901. 1.59544 

6.8339201. V*l336i0l. 1*14761 


1,5954400* 2.35361D1. 4.5/54801. 
1.1476102. 1.3860502. 1.6283602. 


. I.B7433U2. 2.1235502. 2* 3756402 *• 2* 83U46D2 • 2* 8876802**.- 

3.1471102. 3.4084602. 3.6715502* 3*9362102» 4.2U236D2* 
4.4699302. 4.73B8U02. b,0U88602* 5.28Q1I02* 5. 5524602. 
5.8258602. 6.1UQ33D2. 6.3758302* 6.6523302. 6*9298302# 
^7..2DB30D2. .7,.4877702 I — 


PRT*5C PCF.CHARAU5 
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9. BISECT 



FUNCTION 81SECTIF. X, AA. 8B, EPS* ERROR! 

IMPLICIT double- PRECISION (A-H* 0-ZJ 

LOGICAL ERROR 

bisection method to find FIX! « 0 

A a AA 

FA-=.-F(A»— 

B - bB 
Fb a F(B) 

ERROR a .FALSE* 

15-IF-{SI6N( 1.0,FA)*FB .L£. 0.0) GO TO 25 • 

error a .true. 

RETURN 

25 DX « 0.5«IB-A) 

C-».-A-,-fc.-0X . 

X « C 
FC a F(C) 

BISECT “ FC 

IJL-XABStOX)- .LE. EPS aUR. FC-.EQ»-0*0l - GO TO -R5. 
IF ( SI ON ( I • 0 t FC) «FA .GE* U.O) GO TO 35 
b a C 
FB a FC 

GO„TO.la 

continue 

A a C 
FA a FC 

- gO-TO- 15 


If"iT^^LE^\bS(FA) ) GO TO 55 
atSECI— a_EA 


RETURN 

55 IF (T .LE* ABS(FB) I 
X a B 

BISECT--a-£B 

return 

END 


return 


PRT,SC PCF.BLOCKOATA 


o ^ cb (h tr tw 


rEP 1:.0T'U-';' ;.. 
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10. fimCT2 


[«MH0DUCTeFUNCT2 


i 


I I 


OCUOLE PRECISION FUNCTION FUNCT2(T2> 

iMPtlClT double PKECiSlUN (A-H» 0-Z) .. , 

COMMON /COMTH/ hATC3i>» Hvn t 3 I ) a VTHWT { 3 1» .RWA »RV»AP I »m 2 frtOXT ( 3l I » 

I VSHIbO) •RMOX ,rtHAfltKHRP*VaT (50) »NbT 

COMMON /«EPR/H51ACKtTSTACX.PP( 10) ,HR£ 

, H.« (SINTPAC VTHrtT >HAT * T2 . 3 1) ♦R«A«S I NTP A I VTHrt taHttX »TZ.3 1 J jyR«APl 

1 +SINTPA( VTHWT,HOXT*T2.3n««hOX/RHAH 

2 +SInTPA( vai® vaHt.T2»N8T)«HM«P/RMArt/2325a9a 
FUNCT2 * N - H2 

RETURN . . . . - . 

END 


^KT.SC PCF*f'UNCT3 
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11. FIIMCT3 


itl*MH00UCTiPUNCT3 
I 


"3 

H 

b 

7~ 

ti 

V 

10.^ 

u 

12 

13 



15 

16 
17 

IB _ 

19 

20 
21 

22 

23 


100 

105 


DOUBLE PRECISION FUNCTION 
IMPLICIT DOUBLE PRECISION 
LOGICAL ERR 
T2 = 200. 

DHREF X FUNCT2(T21 

EPS I .O£^-J 

K = 3QD 

DO 100 IxK,3o0D»100 

OH = FUNCT2(T2J 
IF IDHREF^DH e LE • O.U) GO 

continue 


FUNCT3IH2) 
CA-H. O-Zl 


TO US 


PRINT aio 

_ CALL EXIT 

I 15 CONTINUE 

IF TT-100.. TT. EPS. ERR) 

H X H2 ♦ DH ' 

FUNCT3«T2 

61Q FORMATClHO, »N0 SOLUTION’! 

K EJ^UiL N 


END 


.PHTTsc PCF'eMAiN 
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12. SINTPA 


£ l•HHUDUCT•S|NTPA 

1 OOUriLE PRECISION 

2 IFUNCTIQN SINTPA IXT. TT* X* N| 

S implicit DOUbLt PKtciSION lA-H. 0-2 1 

H UlMtNSlUN XTU I * TT ( l» 

b C SINGLE variable I fU ERPOlaT I ON (LAGRANGE 3 POINT HETHOdI 

— 6 C — - . X lu ascending uhoer. 

7 N«l =f N-I 

a K a 2 

V IF (AT(2)»GT.X) GO TO H\J 

_ lU - - . - Kb NrtI . , _ 

11 IF (XT(K)«L£.X| GO TO HO 

12 L « 2 

13 10 I » K-t 

IH IF (I-LE*n -G.Q-IQ-HU 

15 J a CK^L>/2 

16 IF (XTIJI-XI P0»3U»3Q 

If 20 L = J 

19 30 

20 GO TO 10 

21 90 CONTINUE 

..-22 Yl^a.YTiK-ll 

23 Y2 a YTtK) 

29 YJ = YTlK+ll 

2b XI a XT(K-1 I 

. 26 AZ. a aT(K) * 

27 X3 = XTIK41 I 

26 Z1 a X-AI 

29 22 a A2-X 

30 23 = X3-XI . ^ 

31 SINTPA a Yi ♦ U •Q4Z2/23)«Z1«( Y2-YI I/IX2-XU - t Y3-Y2 > / I X3-X2 I • 

32 I 22*2l/23 

33 return 

39.. END. __ » 


•PHT.SjCL_pCF*5INTP.D 
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13. SINTPD 


EloMHOUUCr.SlNTPD 


DOUULt HHECISION 
IFUNCllOl^ SlUTPP lAT^ YTi X. N) 
implicit double PKECISION lA-H, 
DiMENblOe^i XTC n • YT I I I 
SINGLE VARIABLE INTERPOLATION 


6 

C 


7 


NMl = N-1 

6 


A = 2 

9 


IF ( A T ( 2 ) • L T 

lU. .. . 


K = NMl 

1 1 


IF (XT(rC}«GL 

12 


L ^ d 

li 

io 

I = k-l 



IF (t.Lc.n 

IS 


J E (K-t-Ll/2 

16 


IF (XT(J)-X) 

17 

20 

L « J 

10 .. 


GO Tu 10 

19 

30 

(C * J 

20 


GO TO 10 

21 

40 

continue 

22 


.Yl_=..YT(K-n 

23 


Y2 = YTCK) 

24 


Y3 « YT(A+1 ) 

25 


XI a XT(K-I ) 


X IN DESCENDING ORDER 


►A) GO TO RO 


0-Z) 


(LAGRANGE 3 POINT METHOD) 


GO TO HO 


GO .TO ‘IQ 
3U«30 *20 


26 

, X2 - XT(a) 

27 

X3 « XT ) 

20 

21 « X-M 

29 

22 « X2-X 

30 

_ 23 « X3-XI 

31 

SINTPD » YI + 

32 

i 22021/23 

33 

RETURN 

^^H - 

. .. END - - 

•PKTtSC. 

PCF.iT£2 


( jVu^ 22/Z3) •21»(V2-Y I ) / <X2^Xl ) •* ( V3-Y2 ) / ( X3-A2 ) • 


" ^ 
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«ei«mhoduct#tpz 

I 

z 

3 

4 

5 C 

6 

7 

B J 

V 

ill—.: 

1 I 

iZ \ 

13 

14 

ib 


DOUBLE precision 

-aPUNCTION TPZ(P, Z» ZZ, NZ. NT* NP * VT * 
IMPLICIT DOUbLL PRECISION (A-H* 0-Z) 
DIMENSION ZZ(NZ» II* VTU)* VPUI 

INTERPOLATE FOR T(P* Z) — 

DIMENSION VZTI3UJ..,- -- -- 

DO 10 1=1. NT 

0 VZTU) » ZTPI7Z* VTU). P. NZ* N1 

IF (VZT(l) .gT. VZT(NTI) GO TO Ib 

TPZ = SINTPACVZT, VT* Z* nTI 

RETURN 
b CONTINUE 

TPZ » SINTPDIVZT* VT* Z. NT) 

RE4-URN 

END 


SIMILAR 


jPHToSC PCF#TZ2 
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REPRODUGIi:i' .ITY OF THE 
ORIGINAL PAIE IS POOR 



PWRE ^ . . . . _ , 

Ci»HHODUCT«P«N£ 

1 DUUbL£ PRecISlOn FUNCTION | PST ACK I 

Z iNPtKir OOUbLE HKECISION (A-H. U-Zl 

3 CUNHUN /COM^d/ HAri3U. HaT ( 3 1 W VTHViT i 3 | ) ,K AA • H aAP 1 »HOAT 1 3U • 

*1 I VBHIbUJ .«MOX,KMAA.KH«PiVBTISa) *NttT 

5 COHKON /KEPH/HSIACKo ISTACKiPPUUJ •HHE 

6 UIHENSION GAMC Ibl •TPKOIH IS) , 

/ C UAN lb TmE HaUU of bPEClFiC HEATS TaK£n FHUM THE 2bD2 OUTPUT 

a C the LISIEO values COKKEbPQNU TO ILLINOIS COAL bt I T h 2.0&ji HOIST* 

9 C ANU */K SEEU AS l)HY A2CU3 FOH 333*33 -*llil*l DEb A AT 0 n£ ATH 

lU , data bah / l*36I90Ui l*3bHbOO* l*3B/3DUf U339dDUt U333UD0* 

^ U i 1«326UDU. 1*319UUU« i.3Ll60U» I*3QS6 dU* i*3U0i0U» l«29bQpDt 

12 2 1.29qBoU» 1.28620U* U2825DU* l*279?^U 

13 ElAC = U*9 

15 FkE = 5UU* 

16 TtHP = 333.333 

17 00 lU l:=l.lb 

la - TPROOll laTEHP 

19 10 TEMP = TEMP ♦ bb*SS5 

20 70 TA s=ITSTaCK ♦ TREl/2* 

21 TaZ=^TRE 

.22 GP =SlNlPAC fPKOu*&AK*TA* IS) 

23 TP I =TsrACK«iPPl2)/pSTACK)®*i (GP«*1*)/GP) 

2^ THE - rSTACK ♦ I TP I -TST ACK 1 /£T AC 

2S IF iAuS(TK£«KA2) #LE* *l> GO TO IQO 

_ 26 . . . . 1= !♦! ^ 

2/ IF il *LT* 20) GO TO 70 

2B bO format I lHOt*NO SOLUTION* ) 

29 BO PRINT 5U 

3U _ GO TO IIU 

31 100 HKE “ SINTPAI VBT, VBH . THE . IBT ) 

32 PhKE = H«E -HSTACK 

33 110 RETURN 

' ** * " ^ I " 


PHT.SC PCF*P2T 
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OOUULE PKECtSlOii 

.. . IFUNCTION PZI(Z» ZZ, T, NZ, NT* NP. VT, WP» - - 

implicit oooaLt pkecision ia-h, o-zi 

DIMENSION ZZJNZ, H, VTtll, VPUI , , r ...... 

C INTtrtPOLATE FOR PIT. Z) BY FIRST ObTAlNINii 

C VECTOR VZPm a ZZIWPU >, -T». -THEN OBTAIN- P FROM - 

C VZP ( • » , VPI • » 

DIMENSION VZPISUi 
DO 10 J=I,NP 

. 10 . VZPlJl = ZTPIZZ, T, VPIJl . NZ, NT, NP. VT, VPI 

c CHECK for OKUbRlNO OF VZP(*I, ASCENdIHS UR UEScENUINO* 

C and use binary search TO LOCATE INTERPOLATION PTS, 

IF (VZPUI »6T, VZPCNPn 00 TO 15 

.. PZT = SINTPAIVZP*. VP, Z, NPl 

RETURN 
15 CONTINUE 

PZT « SINTPOtVZP, VP, Z, NP) 

■ - RETURN .. .. - 

END 


jPKTtSC PCF. SETUP 







>PHT«SC PCF.ZPZ 
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ia^._2BZ_ 

rtei*HH00UCT,ZP2 

1 OOUliLE PKECISION 

2 IFUNCTlON ZPZCZZl, P« Zi!« ZZZ, NZ. NT, NP.-VT,- VP» 

3 IHPLICIT DOUBLE PNECJSIUN (A-H, Q-Z) 

H DIMENSION ZZKNZ. 1). ZZZINZ* 1), VT(1). VPU) 

6 C INTERPOLATE FOR ZZUP, Z2) 

h T. .«..TPZ I P »- Z2, ZZ^.NZ, NT, NP, VT.VPI 

7 ZP2 » ZTPIZZI, r, P, NZ, NT, NP , VT, VP) 

a RETURN 

9 END 


JPRT,SC PCF,ZTP 




SEPRODUCIBTTiTY OF THE 
ORIGINAL FAG K i3 T' 


^ 2EU. ZTP 

El*HHDOUCToZXP 
I 


2 

J 

H 

5 

6 

‘ * / 
B 
V 

- 10 
U 
12 
I J 
IH 
lb 
U 
17 
IB 
19 
2U 
21 

, 22 
22 
2*1 
2b 

. 26 
27 
2B 
29 
.. 30 

31 

32 

33 

3h 
36 
3/ 
.. 3B 


double PHLCISIO.4 
IFUNCilOW 2TP12T. A* Y, N2Jl«, NA t NY* XT* YTl 
IMPLICIT DOUbLE HKtClSION IA“H* 0-Z) 

DINLNSIUN XT«l>* YT(1), ZTINZDIM.M , . , 

DOUBLE INTLKPOLaT IOn USIUg LAGRANGE THREE-POINT HETHOU 

FUNCTION DbLrFF IS HtUUlKEO 

•• PAHAHLTEK 

Zl s= lABLt Oh VALUfcS Of F(A*YJ, ZTU,1. 

AT = TABLE Oh VALUES OF A* 

YT = TABLE OF VALUtS OF Y . ^ ^ 

NX = number of values in at* ALSO number of rows of ZT, 

NY n number of Values in yt* also number of columns in zt. 


A,Y = POINT for AHICH VALUE OF F IS UESIRED* 

NXUIM “ actual ROrt DIMENSION OF 2T. 

••NOlt. extrapolation used if either X oh Y our UF RANGE* 

OIMENSIUN ZA(31* XA(3I| YA(31* TZA13I 
U = NX-l 
JA s NY-l 
lULX s 2 

C locate position of a in XT 

IF (XTt2).GT*X) bO TO iUUU 

-IDEA = IK 

IF (XTMK)*L£«X1 GO TO lUGO 
1 = 1 

lUU K a luEA**I 

IF iX«LE*l) isU TO lUUO 
J « ( lOEX-*-! } iZ 

IF tXl(JT>-X) 2UU«3UQ*3UU 
2U0 I « J 

bO TO lUU 
300 tOEX = J 
* bU 10 lUU 

luoo Continue 

C LOCAlt. PuSlIlON of Y in YT 
Jutx = 2 

IF t Y1 { 2 I «bl . Y ) bO TO 2000 
JUbA =: JK 

IF t YT t JK } »LE p Y l GO ro 2000 


39 


I = 1 

HU 

UOQ 

K a JDEX-I 

HI 


IF iK*LE*n GO TO 

HZ . 


U = (JDEX+I}/2 

H3 


IF (YT(JI-Y1 I2UU 

HH 

12UD 

I ® J 

Hb 


GO TO ilUU 

H6 .. . 

1300 

JOEX - J 

H/ 


GU lu IlUU 

H8 

2U00 

CONT INUE 

H9 


JOMl n JuEX-1 

SO 


JOPI » JdEX’1'1 

bl 


YA { 1 1 Y r ( JDM I ) 

bZ 


YA(Z) e yt (JUEX l 

S3 


YAiJJ - YKJUPlI 


C oETEHMINE Zr FOR T AT XTUl* I « 1 OEX- 1 * . I OEX * IOEXi*l 
bb In lOFX-i 

56 00 3000 jsl*3 

57 ZA{ I > = ZT ( I * JDHi > 

bB ZA(21 := ZTII*JOt.Xl 

bV ZAI3I ZT(1*JDPU ^ . 

60 TZAiJI =» DBLFFFtYt YA, ZAl 

61 3U0D I n I^l 

62 C interpolate ABOVE RESULTS FOR VALUE AT X 

63 XAtU-=-XT I lOEX-13 

69 XAI21 « XT! lOEXl 

6b XA13J =r XTI IDEX-fI 1 

66 ZTP n UbLFFFIX* XA* TZAJ 

67 RETURN - 

66 END 


i»PHT*SC PCF.ZTZ 
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Appendix A 9.8 


CARBOKIZER AND SEPARATELY PIRED PREHEATER 
COMBUSTION CALCULATIONS 

A 9.8.1 Carbonizer Calculations 

The properties of the gaseous and char products of the carboni- 
zation process were deteraiined from information supplied for the input 
coal» air requirements » and output weight fractions. The data sheets as 
supplied are contained in Tables A 9.8.1, A 9.8.2, and A 9.8.3. The com- 
position of the tar are listed in Table A 9.8.4. The air required in the 
carbonizer process are shown in Table A 9.8.5. 

Schematics of the carbonizer process using these data are seen 
in Figures A 9.8.1, A 9.8.2, and A 9.8.3. The air used in the carbonizer 
is 76.17% nitrogen, 23.19% oxygen, axid 0.639% moisture by weight. The 
only unknown in the process was the composition of the char. This was 
found by performing a mass balance on the particular elements, knowing the 
fuel gas and tar compositions, weight fractions, and water weight frac- 
tionsjand determining the char composition by assuming it was the residual 
of the process. Using this method, the composition of the various chars 
were calculated and are summarized in Tables A 9.8.6, A 9.8.7, and A 9.8.8 
for the respective coals. 

A 9.8.2 Preheater Combustion Study 

It was specified that the flame temperature was not to exceed 
2256®K (3600®F) in the gapor burner of the indirect fired preheater. 

With the lower rank coals this presented no problem because the gapor has 
a low heating value and a high water content. However, the flame tempera- 
ture of the gapor from the carbonization of the Illinois No. 6 coals was 
in excess of this limitation and required that the flame teuq^erature be 
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tailoced by using exhaust gas recirculation. The exhaust products leav- 
ing the preheater on the gas side were chosen because if a gas was used 
whose temperature was below the preheater exit temperature, available 
heat would have to be supplied to the lower temperature stream. This 
presents problems in that no standard air-moving system can be utilized 
to recirculate the exhaust at the required temperature. As a result, it 
was decided to use the gapor combustion air stream to induce the recycled 
products . 

In order to determine the heat available from the gapor combus- 
tion products for the main combustion air , it was necessary to know the 
thermodynamic properties of the gapor combustion products. This informa- 
tion was calculated by running a properties computer program (MHD 250Z) 
for the composition of the carbonizer gapor (fuel gas, water, and tar) at 
an air equivalence ratio of 1.05 (5% excess air) over the temperature 
range of 1200 to 2700“K (1700 to 4400°F). The preheater combustion pro- 
duct leaving temperature was taken to be approximately 110®K (198" F) 
above the air inlet temperature. The heat required to get the combustion 
products to this temperature (QADD) was read from the aforementioned com- 
puter program. QADD is determined for the combustion of the specific 
gapor and air, both being at 288"K ( 59®F) . Therefore, the sensible heat 
of the gapor and combustion air must be added to QADD to get the total 
heat available by cooling the gapor combustion products to the preheater 
exit temperature. 

The ratio of the gapor mass flow to the main combustor oxidant 
mass flow (wet air plus recycled products) is determined from the ratio 
of the combustible mass flow to the main combustor oxidant mass f7 'w and 
the ratio of gapor to the combustible mass flow (Tables A 9.8.1, A 9.8.2, 
and A 9.8.3). The ratios are calculated by the CHBDUC2 version of the 
duct program (Appendix A 9.7). 

An energy balance is then simply done by 
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pressure, and AT is the change in temperature. On the gas side (denoted 
g)> sensible heats of the gapor 


combustion air, respectively, and is the heat released from 

combustion of the gapor at 0 = 1#05 with the combustion products at the 
preheater exhaust temperature. On the air side (denoted by subscrlnt- 
H is the ma.:.s flow of the wet air and recycled products from the duct 
program. C is found by multiplying the specific heat of the air and 
recycled products by their respective mass ratios (a weighted average 
is obtained). Knowing all other parameters, the air-"side temperature 
rise was found. An iterative process was used which varied the amount of 
recycled products and kept the MUD combustor exit temperature a constant 
until the two temperatures were within 5“K (9°F). 
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Table A 9.8.1 - Properties of Low -Temperature Carbonization of 
Illinois }lo. 6 Bituminous Coal (Dry) 


Temperature of Products - 800“ F 
Char 

Weight fraction - 68% 

HHV - 11,900 Btu/lb 

Tar 

Weight fraction - 9.4% 

HHV vapor - 16,200 Btu/lb 

E^el Gas 

Weight fraction - 37.55% 
HHV - 3873 Btu/lb 
Enthalpy*- 305.7 Btu/lb 
Composition - mole fraction 

CO 2 - 0.1635 

On - 0.0060 

CO - 0.0217 

H 2 - 0.0554 

C2Hg - 0.0425 

CH. - 0.1724 

N 2 - 0.5209 

H 2 S - 0.0177 

Light Oil 

Weight fraction - 0.7% 

HHV vapor - 17,000 Bto/lb 

Ammonia 

Weight fraction - 0.15% 

HHV vapor - “500 Btu/lfa 

Water - 4.3% 


* Product enthalpy based on a reference temperature of 400“R 
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Table A 9.8.2 - Properties ot Products of Low-Temperature 
Carbonization of Norcb Dakota Lignite 


Temperature of Products - 900® F 


Moisture content of lignite ns fired ^ 18 


lb air/ lb coal as fired 

0.67 

0.59 

Char 

Weight fraction 

0.2597 

0.3129 

HHV - Btu/lb 

11,955 

11,995 

Tar and L.O. 

Weight fraction 

0.0262 

0.0307 

HHV vapor - Btu/lb 

16,300 

16,300 

Fuel Gas 

Weight fraction 

0.4955 

^.47: 

HHV - Btu/lb 

436.8 

521. r 

Enthalpy ^ Btu/lb 

245.1 

246.1 

Composition mole fraction 

C 02 

0.25''S 

0.2679 

CO 

0.0119 

0.0144 


0.0109 

0.0132 

CH. 

0.0220 

0.0267 

^zH - 

0.0023 

0.0028 

EzS 

0.0050 

0.0050 

»2 

0.6973 

0.6700 

Water 

Weight fraction 

0.2186 

( .1852 


* product enthalpy based on a reference temperature of 400®R 


Table A 9.8.3 - Properties of Products of Low-Temperature 
Carbonization of Montana Subbituminous Coal 


Temperature of Products — 900® F 


Moisture content of coal as fired 

20 

li 

lb air/ lb coal as fired 

0.56 

0.52 

Char 



Weight fraction 

0.3395 

0.3687 

HHV - Btu/lb 

12,230 

12,240 

Tar 



Weight fraction 

0.0485 

0.0517 

HHV vapor - Btu/lb 

16,200 

16,200 

Fuel Gas 



Weight fraction 

0.4410 

0.4257 

HHV - Btu/lb 

789.2 

869.3 

Enthalpy*- Btu/lb 
Composition - mole fraction 

250.7 

252.1 

CO, 

0.2304 

0.2314 

CO 

0.0182 

0.0199 

Ho 

0.0105 

0.0113 

CH 4 

C 2 H 4 = 0.043 - 

HoS 

0,0433 

0.0481 

0.0049 

0.0054 

0.0056 

0,0055 

N 2 

0.6872 

0.6785 

Light Oil 



Weight fraction 

0.0070 

0.0070 

HHV vapor 

17,000 

17,000 

Water 



Weight fraction 

0.1640 

0.1460 


* Product enthalpy based on a reference temperature of 40Q®R 
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Owg. 6255A36 



0. 30 kg Fuel Gas 

0. 07 kg Tar 
0.03 kg H 2 O 



Fig. A 9.8. 1- Schematic of carbonizer operating on Iffinois No. 6 coal 




20% Moisture 




Dwg. 6355^35 


0.56 kg 



Air ” 
1.00 kg^ 

Carbonizer 


Coal ^ 




io. 53 kg Char 


.69 kg Fuel Gas 
.08 kg Tar 
. 26 kg H 2 O 


Gapor 


16% Moisture 
0.52kg^ 


Air 

1.00 kq^ 
Coal 


e> 

— ^0.65 kg Fuel Gas 

Carbonizer 

— a^0.08kgTar 


— ►0.23 kg HnO 

C j 


] 


[ Gapor 


?0. 56 kg Char 


Fig, A 9. 8. 2- Schematic of carbonizer operating on 
Montana sub-bituminous coal 




~c ■ 
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Owg. 


0.67 kg 




Air 

Carbonizer 


Coal 






f 0.43 kg Char 


83 kg 
04 kg 
37 kg 


Fuel Gas 

Tar 

H2O 


0.67 kg 
Air 

Coal 


Carbonizer 


0 , 

-^ 0 . 

-»^ 0 . 


75 kg 
05 kg 
29 kg 


Fuel Gas 
Tar 


m 50 kg Char 


6355A34 

Gapor 


Gapor 


Fig. A 9. 8. 3“ Schematic of carbonizer operating on 
North Dakota Lignite Coal 



Table A 9.8,4 - Ultimate Analysis and Calorific Value 

of Dry Tars 


C % 

H % 

N % 

S % 

Ash % 

0 (by difference) % 


Calorific Value (Btu/lb) 
Gross 
Net 


Low-Temperature 

Tars 


82 - 


8 - 8.5 
0.5 - 0.7 


0.7 - 0.9 


Negligible 


7.0 - 9.0 


16,500 - 16,800 
15,700 - 16,000 


(Data Supplied by the Coal Tar Research Association) 
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Table A 9.8.5 - Air Requirements for SRI Carbonization Proces^ 


Coal 

Mont. 

Mont. 

N. Dak. 

N. Dak. 

111 

Moisture - % 

20 

16 

27 

18 

0 

Temperature 

900 

900 

900 

900 

800 

Air Ib/lb coal 

0.56 

0.52 

0.67 

0.59 

0.27 


* Stanford Research Institute 
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Table A 9.8.7 - Composition of the Char Produced by 
the Carbonization of Montana Subbituminous Coal 




Constituent Wt. % 


20% Moisture C 76.7 

H 2.4 

0 4.3 

N 1.2 

S 0.8 

Ash 14.6 


16% Moisture C 76.9 

H 2.6 

0 3.9 

N 1.4 

S 0.8 

Ash 14 .4 


\ 

i 

r 

i 
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Table A 9.8.8 - Composition of the Char Produced by 
the Carbonization of North Dakota 
Lignite Coal 


Constituent 


Wt. % 


27% Moisture C 78.8 

U 3.4 

0 0.0 

N 0.8 

S 0.8 

Ash 16.2 


18% Moisture C 78.0 

H 3.1 

0 0.0 

N 2.5 

S 0.9 

Ash 15.5 
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Appendix A 9.9 

SUPERCONDUCTING MAGNET DESIGN FOR OPEN-CYCLE MHD GENERATORS 

* 

A 9e9.1 Introduction 

The conceptual design of the superconducting magnet system 
for application to open-cycle MHD generators has been sufficiently 
developed for two generators (2000 and 600 tlWe) to provide confidence 
in the design approach taken q The devices used and the conclusions 
drawn are described in this section* 

The design of a superconducting magnet for MHD application 
does not require any new technological developments with respect to 
the superconductor* Preliminary examinations indicated that presently 
available raultifilaraent niobixim-titaniura superconductors could be 
used in magnet systems with peak fields at the conductor up to 7*5 T 
at 4*2®K (“452*13®F). For magnet systems with peak fields at the 
conductor between 7.5 and 10*0 T and operating at 4.2°K (-452.13‘^F) 
projections (based on currently funded conductor development programs 
for fusion and ac generator applications) indicate that multi- 
filamentary niobiunt-titanium superconductors will be commercially 
available in 1990* These limitations are based on a judgment 
concerning the degree of margin required in a large magnet system* 

The major consideration in superconducting magnet design for 
MHD application is selecting a magnet configuration which can be 
confined by an economical mechanical structure. For large MHD systems 
two magnet configurations are often considered* For mechanical design, 
the rectangular type of magnet configuration seems preferable to the 
circular with the same peak fields in the windings* Considering the 
desired field uniformity, however, and the magnitude of the magnetic 
field on axis of the MHD duct, the circular cross-sectional winding 
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configuration is more desirable. This winding can be shaped to achieve 
the same peak field in thie winding as the field on the axis of 
the MHD duct, whereas with the rectangular -magnet configuration the 
peak field at the winding is greater than the field on axis and is 
strongly dependent upon the size of the winding relative to the duct 
and the desired uniformity. 

Accordingly, the base case designs described herein have 
been determined by utilizing the following design conditions: 

• A niobium-titanium (Nb Ti) filamentary conductor would 
be employed for magnets with peak fields less than 7.5 T 
at the conductor ♦ 

• A niobium-tin (Nb^Sn) filamentary conductor would be used 
for magnets with peak fields greater than 7.5 T ai the 
conductor . 

• The magnet winding would be force cooled. 

• The mechanical structure would be designed to be self- 
supporting against magnetic forces. 

e The system would be designed for an overall minimum 
cost. 

■ The magnet configuration would be selected in such a 

way that the variations of the field in the cross-sectional 
area of the duct would be less than 5% transverse 
and less than 8% parallel to the magnetic field. 

A 9.9.2 Electrical Design 

The minimum cost of superconducting winding is obtained 
when the maximum current density is employed consistent with adequate 
operational reliability. In the initial stages of this project two 
candidate magnet configurations were considered. The first was the 
rectangular type. Magnetic field profiles were determined by using 
the general magnetic field code MAFCO developed fay Lawrence Radiation 
Laboratory (LRL) (Reference 9.38). Field uniformity requirements were 


9-373 


specified to be less than 5% variation transverse and less than 8% 
variation parallel to the magnetic field. 

The minimum cost rectangular cross-sectional field winding 
distribution that met the above uniformity limitations was sought 
To achieve the desired uniformity, the currents had to be distributed 
around the entire perimeter of the duct* Unfortunately, the design 
study indicated that In order to achieve the desired uniformity, 
the peak fields at the windings were more than 25% greater than the 
magnetic field on the axis of the duct. 

The second magnet configuration considered was the circular 
saddle coil. This configuration is similar to the dipole configurations 
used in beam-line magnets for accelerators* and readily lends itself to 
analytical investigation. The peak magnetic field in circular saddle 
colls can be designed to be the same as the base field, and the 
uniformity achieved \d.thin the base of the magnet depends solely upon 
how closely the actual winding configuration approximates the ideal 
solution. 

Since the nominal field in the duct of an open-cycle MED 
generator is 6 T, the preliminary investigation indicated that the 
rectangular magnet configuration v/ould require niobium-tin filamentary 
conductors and that the circular saddle magnet configuration would 
require niobium-titanium filamentary conductors. Further investigation 
indicated that although the circular saddle configuration required 
less conductor, it would require more structure than the rectangular 
magnet configuration. The circular saddle was selected because of 
the greater degree of margin offered. The low magnetic field 
at the conductor affords higher reliability. 

A 9. 9.2.1 Conductor Design 

The environment of an tfflD magnet system does not require the 
selection of sophisticated superconductors, primarily because there 
are no ac or transient magnetic fields present. Furthermore, the magnetic 
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field distribution cannot accommodate graded winding designs because 
of the conical dipolar configuration. 

Since the nominal magnetic field seen by the MHD duct for 
the open-cycle concept is 6 T and the estimated peak field at the 
superconducting windings (in the end turns at the entrance of the 
duct) is less than 7.5 T, filamentary niobium-titanium conductors 
have been selected for the base case designs. 

The most important aspect of the conductor design is the 
selection of winding current density such that the winding will not 
quench during conventional operation. Figure A 9.9.1 illtjstratew 
a normalized plot of the critical current density for niobium-titanium 
wires as a function of the peak field on the wire [where jc(5T) n, 

2 X 10® A/m^l. The operating current of the magnet system was 

arbitrarily set at 5000 A. A conductor with filaments of 100 ym (0.394 mills) 

or less, must have approximately 1 twist/2.54 cm (1 in) to Inhibit 

the possibility of flux jump instability in the wire when the magnet 

is being either charged or discharged. Using a conductor with an 

aspect rate of 2:1, a winding packing factor, 1, of 0.1 was established 

as sufficient spacing to accommodate liquid helium coding ducts, 

headers, and the necessary distributed support structure within the 

Ending. TO ensure stable operation a 3:1 copper to superconductor 

ratio was selected which does not have enough copper to cryostabllize 

the winding but should have enough to dynamically stabilize it 

(Reference 9.39). Although the MHD magnet is a dc device, provision for 

operational margin must be provided. If one has temperature excursions 

of 0.1 to 0.2“K (0.18 to 0.36“F) from the nominal 4.2°K (-452.13"F) in 

the windings, an operational current density j equal to 0.5 jc at 

4.2*K (-452.13“F) affords a reasonable compromise between high 

current density and thermal margin and was selected as the design 

point for the pealc field region in the winding. Accordingly, a winding 

current density, XJ, of 1.4 x 10® kim was selected for the electrical 

design of the open-cyclc MHD base case magnet designs. 
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A 9, 9. 2. 2 tlaeaetic Field Analysis 

The electrical design for the open-cycle IfflD generators 
is based upon a dipole current distribution configuration. The 
essential features and parameters of the dipole design are shown in 
Figure A 9.9.2 which depicts a cross section of the MHD generator. 

The ideal dipole construction consists of two overlapping circles 
having diameters D and a separation between circle centers of d. 

The winding areas are defined by the nonoverlapping regions of the offset 
circles. In the ideal case the magnetic field in the overlap region 
is constant in magnitude and direction. The generator duct, which is 
an L by L square in cross section, is centered in this constant field 
region in such a way that the duct comers are a distance R from 
the inner surface of the windings. In general, the area of the duct 
and the magnetic field strength vary with distance down the genecrator 

axis. 

The design equations used to calculate the dipole geometry 
and current distribution as a function of the distance down the duct 
assume a constant winding current density XJ (A/m^) in the winding areas, 
For overlapping circles the magnetic field B inside the dipole windings 
is related to the separation of centers d by 


d = 2B/y<XJ) (A 9.9.1) 

considering the geometry of Figure A 9.9.3 the diameter of the circles 
is given by 


D = /(L + R + d)^ + a + *^ R)^ (A 9.9.2) 

and the winding area A of each current source is calculated from 


A 



+ r 
2 


arcsin (^) 


(A 9.9.3) 





which £or d « D reduces to A s The winding current is computed 

from ‘ 

NI * A (XJ) 

Once AJ and R are fixed and the magnetic induction, B, and duct size, 

L , are given as a function of the distance , Z , down the duct axis , then 
the dipole design is determined at any cross section of the generator 
by the equations above « 

The electrical designs for Base Case 1, Point 3 and Base Case 2, 
Point 1 open-cycle generators are presented in Table A 9«9ol* The 
winding current and magnetic field distributions down the generator 
axis are shown in Figure A 9. 9* 3 for both designs. The peak winding 
currents for magnetic motive force, MMF, for these designs are 2#214 x 10 

7 

and 3.703 X 10 amp ere- turns , respectively * 

The above description assumes an ideal current distribution 
to be used in determining the cost of the superconducting magnet system. 
Tlie actual magnet configuration requires a more detailed examination 
of the magnetic field distribution. The approach to be used in 
determining a detailed electrical design has been determined and is 
outlined herein. 

The division of the ideal current distribution into discrete 
layers of conductors is made with the constraint that a certain field 
uniformity is desired within the base of the magnet. The uniformity 
can be accurately determined at each cross section by summing the 
induction produced by each shell of current. Figure A 9.9.4 illustrates 
a schematic of the shell configuration. The magnetic induction 
produced by the j-th shell can be approximately calculated from 
Reference 9t40. 


9-379 


Table A 9.9.1 


Inert Gas MUD 


- Dipole Magnet Design for the Open-Cycle, 
Base Line Generators with r = 6 in. 

Base Case 1, Point 3 


Mag. 

Ind. 


1 

Z,m 

L^m 

D,m 

d,m 

NX A-Turn 

(B),T 

1 

0.000 

1.007 

1.832 

0.1 '■.25 

0.17480+08 

6.00 

2 

0.081 

1.010 

1.837 

0.1425 

U.17570+08 

6.00 

3 

0.809 

1,044 

1.885 

0.1425 

0.17983+08 

6.00 

4 

1,543 

1.080 

1.936 

0.1425 

0.18472+08 

6.00 

5 

2.286 

1.122 

1.994 

0.1425 

0.19029+08 

6.00 

6 

3.043 

1.169 

2.061 

0.1425 

0.19668+08 

6.00 

7 

3.822 

1.221 

2.135 

0.1425 

0.20375+08 

6.00 

8 

4.629 

1.282 

2.221 

0.1425 

0.21191+08 

6.00 

9 

5.475 

1.352 

2.320 

0.1425 

0.22142+08 

6.00 

10 

6.442 

1.437 

2.431 

0.1311 

0.21350+08 

5.52 

11 

7.670 

1.538 

2.567 

0.1200 

0.20623+08 

5.05 

12 

9.283 

1.665 

2.738 

0.1090 

0.19998+08 

4.59 

13 

12.018 

1.869 

3.016 

0.0960 

0.19391+08 

4.04 

14 

13.264 

1.954 

3.134 

0.0915 

0.19201+08 

3.85 

15 

14.744 

2.054 

3.272 

0.0869 

0.19056+08 

3.66 

16 

16.534 

2.170 

3.432 

0.0824 

0.18954+08 

3.47 

17 

16.647 

2.177 

3.442 

0.0822 

0.18953+08 

3.46 


Table A 9.9,1 (Coat’d) - Dipole Magnet Design for the Open Cycle, Inert 




Gas HHD 
Base 

Base Line Generators with 
Case 2, Point 1 

r « 6 in. 


1 

Z,m 

L^m 

D.m 


NI A-Tum 

Mag. 

Ind. 

(B),T 

1 

0.000 

1.831 

2,996 

0.1425 

0.28600-f08 

6.00 

2 

0.085 

1.836 

3.004 

0,1425 

0.28674+08 

6.00 

3 

0.864 

1.898 

3.092 

0.1425 

0.29514+08 

6.00 

4 

1.667 

1.964 

3.185 

0.1425 

0.30404+08 

6.00 

5 

2.500 

2.039 

3.291 

0.1425 

0. 31418+08 

6,00 

6 

3.369 

2.123 

3.410 

0.1425 

0.32555+08 

6.00 

7 

4.282 

2.219 

3.545 

0.1425 

0.33841+08 

6.00 

8 

5.251 

2.327 

3.697 

0.1425 

0.35299+08 

6.00 

9 

6.290 

2.455 

3.879 

0.1425 

0.37029+08 

6.00 

10 

7.509 

2.605 

4.082 

0.1311 

0.35860+08 

5.52 

11 

9.103 

2.788 

4.333 

0.1200 

0.34824+08 

5.05 

12 

11.264 

3.015 

4.646 

0.1088 

0.33865+08 

4.58 

13 

15.089 

3.379 

5.152 

0.0960 

0.33126+08 

4.04 

14 

16.888 

3.533 

5.366 

0.0915 

0.32881+08 

3.85 

15 

19.076 

3.709 

5.612 

0.0869 

0.32687+08 

3.66 

16 

21.787 

3.916 

5.901 

0.0822 

0.32493+08 

3.46 

17 

22.067 

3.936 

5.929 

0.0820 

0.32555+08 

3.45 
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Magnetic Induction 
(B), Tesla 










1 " 




r < a 


ii. 


n^. 


^r ~ ^ jj If (2-n) 

n=odd 


n-2 

2-n. 

(-^1 

1 - (^) 

30 

^jo J 


A 9.9.5 


n$. 

2 J sin (- 5 ^) cos (n6) 

-e - I ^ .'( 2 ^ '• 

n=odd 


n-2 



2-n- 

f r \ 

1 - 

!ji 


{a. ) 
' jo' 

. 
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A 9.9.6 
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H = - I 
r ^ 


n4>, n+2 

2 J. sin(- 5 ^) sin (ne) ' , ,^ji, 

1 ^ r i - 2n - (2-n) (-fr) 


u=add 


n ir (4-n ) 




+ (2+n) (^) I 

jo J 


A 9.9.7 


n<}i, 


2 J. sin (- 5 ^) cos (nb> 

H„ = - T ^ 2~ 

® , n IT (4-n^) 

n=odd 


a. . n + 2 
- 4 •* (2-np) (“”) 


+ (2+n) (— ) 


n-2* 


A 9.9.8 


jo J 


a. < r 



\ = -X 


n<)) . 

2 J, sin(- 5 ^) sin (n0) /a. 

r 


li 


n TT (24n) 


n+2 / ^ \n’f‘2 

(^1 


a. j A 9,9.9 

jo/ j 


n=odd 


0 ^ 


n=odd 


n<fi. 

sin(-^) cos (n0) 

n+2 - 

r (^1 1 

, . n+2 -j 

A 9.9.10 

n TT (2+n) 

1 r f [ 




where H is the magnetic field in the radial direction at r and 6; Hg is 
the magnetic field in the circumferential direction at r and 0, and is 
the average current density in the j-th shell. 
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Finally, one can field map the complete circular saddle coil 
using a general magnetic field code such as MAFCO--W (Reference 9.41) 
which is an extended version of MAFCO developed by the University of 
Wisconsin. This code has the capability of determining the field at any 
point in space generated by arc segments and line segments of rectangular 
solid conductors carrying current. 

A 9.9. 2. 3 Stored Energy and Inductance Considerations 

The size of the superconducting magnet for the open-'cycle MHD 
system is considerably larger than today ^^s large bubble chamber iftagnets 
and will he larger than the magnets required for fusion applications. 
Extrapolation from existing large magnets to magnets required for WHD 
application should be done with care. Unfortunately, the technology 
for large magnet systems being evolved for the fusion program will not 
be fully applicable to MHD magnet development; and, therefore, before an 
attempt is made to make a large-scale superconducting magnet for MHD 
application, investigation of the behavior of an intermediate-s tzed 
MHD magnet system typical of the larger-scaled version should be 
considered to uncover any technological problems. 

One fact that has been considered and is reported here is 
that the large size of this magnet implies that there is a large stored 
energy. This represents a two-fold problem. First, the energy stored 
per unit volume of conductor makes quench detection, protection, and 
prevention an important aspect of the electrical design of such a large 
magnet system. Second, the time required to excite the magnet to full 
field can be considerable, depending upon the design voltage stress 
that conductor insulation can withstand. 

For the ideal winding distribution the inductance, L, was 
found to be approximately given by: 

IT p 2 

L, henries A 9.9.11 

o 
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where N is the number of turns, Jt is the axial length in meters of the 

-7 

winding, and is permeability of free space, 4 x 10 T/(A/m), 

A more detailed examination for the real winding distribution will 
give an answer very close to this one. 

Since the typical MHD magnets considered have very large 
stored energies, it is recommended that the winding be subdivided 
and powered by separate power supplies in order to ensure reliable 
operation and decrease the voltage seen during a quench. 

A 9.9.3 Mechanical Analysis 

The major structural problem in the design of the dewars is 
the provision of a lightweight wall structure (to minimize construction 
costs) that is compatible with the bending moments generated by the 
electromagnetic forces on the coils. Because of the need to operate 
the dewar at liquid helium temperature, it is impractical from a 
heat transfer standpoint to provide supporting struts to the warmer 
structural elements; and, therefore, the dewars were designed to be 
essentially self-supporting, except for the provision of support 
columns at the base to hold the weight of the structure. 

For maximum economy and minimum weight, the dewar walls 
subjected to bending loads were designed in a plate-girder form. The 
spacing, height, and thickness of the webs were optimized with the 
thickness of the plates to produce a minimum weight structure consistent 
with the design stresses and buckling. In some cases, where other 
design considerations were dominant, a nonoptimum (in terms of weight) 
structure was used. 

A 9. 9. 3.1 General Arrangement 

The magnet dewar and vacuum chamber are frustums of right 
circular cones which have their major axes horizontal, as 
shown in Figure A 9.9.5. The superconducting magnet and its 
associated structure are supported against the gravitational force by 
many circular cross-sectional columns which are stage cooled with 
liquid nitrogen to minimize the conduction losses. Similarly, the 
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liquid nitrogen vacuum chamber is supported by concentric tubular columns. 

The inner vacuum chamber is attached to the outer vacuum chamber at the 
far ends of the magnet and at several locations along the length through 
vertical tubular struts. These arrangements are illustrated in 
Figure A 9.9.6. The magnet dewar is designed to restrain conductor motion 
under magnetic loading. Hence, the minimum cost design is the conical 
equivalent of I-beam construction for the outer -lewar wall, as shown xn 
Figures A 9.9.6 and A 9.9.7. In order to distribute the magnetic loading 
and restrain conductor motion, the space between the inner dewar wall and 
the outer dewar walls is fully occupied, as shotm in Figure A 9.9.7, 
either by the superconductor, by the cooling ducts, or by a stainless steel 
filler. A study of using foam insulation over a liquid nitrogen shield versus 
radiating from room temperature indicated a factor of six reduction in the 
liquid nitrogen cooling requirements for the latter case. Foam insulation 
was, therefore, selected as the best means of enclosing the magnet structure. 

This general arrangement was selected because during cool-down 
the 0.3% thermal contraction of the magnet and support structure does not 
subject any of the materials to high thermal stresses. 

A 9.9.4 Heat Transfer Analysis 

The requirements of maintaining a superconducting magnet at 
4.2°K (-452“F) within a tolerance of 0.2“K (0.36°F), can be achieved with 
existing technology. Liquid helium and nitrogen refrigeration systems can 
be operated continuously for a year or more. In the past, the limiting 
factor in system endurance was clogging of the flow passages due to 
freezing out of impurities. The major impurity source was compressor oil. 
Presently, dry compressors, turboexpanders, and redundant compressors in 
a closed-loop cryogenic refrigeration system can be operated continuously 
for several years. Cryogenic refrigeration equipment with sufficient re- 
liability to support the superconducting magnets for MHD generators are 
available . 

A survey of the manufacturers of refrigeration equipment 
(Reference 9.42) was implemented several years ago, and the results have 
been applied in estimating the electrical requirements of the refrigeration 
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Fig. A 9. 9. 7 - Sectional view of winding distribution 
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equipment. No allowance has been made for technological improvements that 
may be made to increase the efficiency of these machines. It is expected, 
however, that the continued emphasis in utilizing superconducting magnets 
in power generation systems will encourage innovation in the heat exchanger 
design and improvements in the reliability. 

Liquid helium refrigeration systems can be obtained with specific 
power requirements (watts of electrical power required to produce one watt 
refrigeration) as low as 300 W/W and helium liquefaction systems with as 
low as 900 W/W. These specific powers are generally obtained only in very 
large-capacity devices. For a total system load of 120 W, 600 W/W are re- 
quired for refrigeration and 1800 W/W for liquefaction. For a total system 
load of 280 W, 550 W/W are required for refrigeration and 1650 W/W for 
liquefaction. 

Liquid nitrogen refrigerator systems can be obtained with speci- 
fic power requirements as low as 6.8 W/W. For a 20 kW load, a specific 
power requirement of 7 W/W is generally obtained, and for a 9 kW load a 
specific power of 8 W/W is usually required. 

A cursory examination of the use of foam insulation around the 
periphery of the liquid nitrogen shield showed that the liquid nitrogen 
requirements for a radiation shield would be one-sixth those for a foam- 
insulated liquid nitrogen vacuum vessel. Since the most economical system 
for a magnet operating in a power system is usually the one with the 
highest efficiency, the lower-loss shielding system was selected. 

If accessibility is an Important requirement, the foam insulation will not 
severely affect the overall plant efficiency. 

Tables A 9.9.2 and A 9.9.3 present a summary of the cooling 

requirements for the open-cycle MED magnets J For the 600 MVA design (like 

2 2 

Base Case 1, Point 3) 400 m (4306 ft ) of surface are exposed to 

radiation, 12 electrical leads are recommended to power the magnet, 

and 10 steel 2.44 m (8 ft) columns long and totalling a cross-sectional 
2 2 

area of 0.163 m (1.75 ft ) are recommended to support the 422 Mg stain- 
less steel dewar. For the 2000 MVA design (like Base Case 2, Point 1) , 
1000 (10,764 ft^) of surface is exposed to radiation, 20 electrical 

leads are recommended to power the magnet, and 36 steel columns 
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Table A 9.9.2 Summary of Cooling Requirements 
2000 HVA Design 


a) Helium Refrigeration 


Load 

Heat Input, 
W 

Hass Flow 
Ib/hr 

Electrics 

kW 

Radiation 

32 

36 

17.6 

Electrical Leads 

125 

140 

206.3 

Support Structure 

120 

135 

66.0 

Totals 

277 

311 

289.9 


b) Nitrogen Refrigeration 


Helium Refrigerator 

1335 

53 

9.3 

Radiation 

19933 

798 

139.5 

Conduction 

975 

40 

6.8 


Totals 


22243 


891 


155.6 


Table A 9.9.3 


Summary of Cooling Requirements 
600 mk Design 


a) Helium Refrigeration 


Load 

Heat Input, 
W 

Mass Flow 
Ib/hr 

Electrical 

kW 

Radiation 

12.8 

14. A 

7.7 

Electrical Leads 

75.0 

84.0 

135.0 

Support Structure 

33.3 

37.5 

20. 0 

Totals 

121 el 

135.9 

162.7 

b) 

Nitrogen Refrigeration 


Helium RefrigeratOi. 

583 

23.2 

4.7 

Radiation 

7973 

319.2 

63.8 

Conduction 

271 

11.1 

2.2 

Totals 

8827 

353.5 

70.7 
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2 2 

2.44 m (8 ft) long and a total cross-sectional area of 1.11 m (12 ft ) 
are required to support the 1.63 6g (1800 tons) stainless steel dewar* 


The 600 MVA design requires a 120 W helium refrigerator- 

3 3 

liquefier which should occupy approximately 25.5 m (900 ft ) and weigh 

8.165 Mg (9 tons). Furthermore, a 9 kW nitrogen refrigerator is required 

3 3 

and will occupy 4.25 m (150 ft ) and weigh approximately 3 Mg (3.3 tons). 

The 2000 MVA design requires a 280 W helium refrigerator- 

3 3 

liquefier which should fill a volume of 51.0 m (1800 ft ) and weigh ap- 
proximately 14.5 Mg (16 tons). Furthermore, a 22 kW nitrogen refrigera- 

3 3 

tor will occupy 7.65 m (270 ft ) and weigh 5.443 Mg (6 tons). 

The installed cost of the above refrigeration system is 
$300,000. for the 600 MVA system and $400,000 for the 2000 MVA system. 

A 9.9.5 Summary 


In the cost study performed on the open-cycle MUD magnet system 
the following parametric expression for the cost of the conductor was 
developed: 


C « 


4.8 B Z 
av 

p U 

av 




1 


/T 


+ 2R 


J 


where 


C « cost of conductor, $ x 10 


-6 


B = average magnetic induction field, T 
Z » length of duct, m 

pQ = 4TT X 10 ^ » permeability of free space 

2 

^*^av average winding current density. A/m 
= inlet duct width, m 
=» exit duct width, m 


R = insulation thickness, m. 
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For the two baseline designs evolved the insulation thickness was made 
15 • 24 cm (6 in) . 


Summaries of the results obtained on the two magnet designs 
are given in Table A 9 .9. 4. Cost breakdowns for these two cases 
are given in Tables A 9 *9. 5 and A 9«9«6. 

The component costs ^ 'weights, and heat loads were linearly 
scaled from the detailed base cases presented, using the cost of the 
conductor for the prescribed duct geometries and magnetic field 
profiles as the fundamental scaling factor. 
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Table A 9 #9. 4 Summary of the Open-*Cycle MHD 
Magnet Designs 

(like Base Case (like Base Case 



1, Point 3) 

2, Point 1) 

Nominal Plant Rating 

600 MVA 

2000 MVA 

Inlet Gross-Sectional Area 

1.01 

3.35 

Exit Cross-Sectional Area 

4.74 

15.49 

Length of Duct 

16«65 m 

22.07 m 

Field on Axis at Inlet 

6^0 T 

6.0 T 

Field on Axis at Exit 

3.5 T 

3.5 T 

Peak Ampere-Turns Required 

2.214 X 10^ A-T 

3.703 X 10^ A-T 

Current per Turn 

5 kA 

5 kA : ' 

Average Winding Current Density 

1.4 X 10® A/m^ 

1.4 X 10® fi/m^ 1 

Winding Packing Factor 

0.7 

0.7 j 

Conductor Aspect Ratio 

2:1 

2:1 1 

Fraction of Superconductor in Conductor 

0.25 

0.25 ; „ 

j 

Inductance 

161 k 

597 k i' 

Stored Energy 

2014 lU 

7467 MJ 1 

Nvnnber of Turns 

4428 

7406 : 

Conductor Operating Temperature 

4.2®K 

4.2“K 1 J 

} ^ 

Liquid Helium Refrigerator Thermal Load 

121 VI 

277 W ; - f 

; > 

Liquid Helium Refrigerator Electrical Load 

163 kW 

290 kW 1 

Liquid Nitrogen Refrigerator Electrical Load 

71 kW 

156 kW |y 

Total Electrical Load 

234 kW 

446 kW } X 

Total Estimated Cost 

$28.2 U 

$82.3 H 1 

$/kVA 

$47 

$41 


I 

I ’ 


I 
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Table A 9.9.5 Summary of Magnet Design for 2000 MW 

Fired Cycle (like Base Case 2, Point 1) 


Superconductor (Nb-Ti) 

Material Cost $25/lb 0 2 x 10^ A/cm^ 0 5T 
Volume, (566 Ib/ft^)^ 

Weight, tons 
Fabrication, $16/lb 
Total Cost 


$14,500,000 

1024 

290 

S9. 300 .000 
$23,800,000 


Structure (310 SS) 

Material Cost, $1.60 /lb 
3 

Volume, ft 
Weight, tons 
Fabrication, $5. 40/lb 
Total Cost 

Base Cost 

Engineering 
Construction 
Design allowance 

Total Cost of Magnet 
Refrigerator Cost 
TOTAL COST 

^Superconductor density . 


$4,960,000 

6186 

1550 

$16.740.000 

$21,700,000 

$45,500,000 

$11,400,000 

$11,400,000 

$13,600,000 

$81,900,000 

400.000 

$82,300,000 
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Table A 9.9.6 


Summary of Magnet Design for 600 MW Direct-Fired 
CJycle (like Base Case 1, Point 3) 


Superconductor (Wb— Ti) 

Material Cost $25 /lb @ 2 x 10 
3 a 

Volume » (566 lb/£t ) 

Weight, tons 
Fabrication Cost, $16/lb 
Total Cost 


k/ca? 0 5T $6,380,000 

450 
127.5 
$ 4 , 080,000 
$10,500,000 


Structure (310 SS) 

Material Cost, $1. 60/lb 
^ 3 

Volume, ft 
Weight, tons 

Fabrication Cost, $5. 40/lb 
Total Cost 


$1,150,000 

1437 

360 

$3,890,000 
$5 ,040,000 


Base Cost 

Engineering, 25% Base Cost 
Construction, 25% Base Cost 
Design allowance 

Total Cost of Magnet 
Refrigerator Cost 
total COST 


$15,500,000 

$3,880,000 

$3,880,000 

$4,650,000 

$27,900,000 

300,000 

$28,200,000 + 25% 


^Superconductor density . 


07 THE 

jlJ i"00R 
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Appendix A 9.10 

OPEN-CYCLE IfSD GENERATOR CHANNEL 

The Base Case 2 MHD generator channel is 22 m (72.2 long 
with 1.82 m (5.97 ft) square inlet cross section, and 3-91 m (12.83 ft) 
square outlet. Maximum pressure inside the channel was 405.2 kPa (4 atm) 
at 2581°K (4186°F). The channel must be designed to contain this pressure 
at high velocities [775 m/s (2543 ft/s)]. Also, the channel must lie 
within the field created by the cryogenic magnetic. 

A box beam with the dimensions of the MHD channel and with 2-5 cm 
(0.98/ in) thick walls will have a maximum deflection of 0.02 cm (0.78 in) 
when supported at the ends only. However, an unstiffened 2.5 cm (0.984 in) 
thick wail will not contain the pressure load. In Base Case 2 heat loss 
through the wall of the MHD channel is used to heat the boiler feedwater. 
When the pipes carrying the boiler feedwater are used to strengthen the 
channel walls, a 2,5 cm (0.984 in) thick wall is adequate. 

Figure A 9.10,1 shows the relation of the MHD generator channel 
to the magnet and dewar. Figure A 9.10.2 shows the arrangement of the 
boiler feedwater pipes around the channel. 

The interior of the MHD channel will be insulated with magnesium 
oxide (MgO) blocks to protect the inconel walls from the high-temperature 
MHD gas. The insulating blocks will be 10 by 10 by 2 cm (3.94 by 3.94 by 
0.787 in.) thick and will be installed as a mosaic. The small size is 
necessary to prevent thermal cracking. The magnesium oxide will be mounted 
to a 0.5 m (19.68 in) square mounting plate as shown in Figure A 9.10.3. 

The mounting plate will be attached to the channel walls with studs. 
Transpiration air will infiltrate the gas stream from between the blocks. 
This will form a laminar layer over the face of the blocks and reduce the 
block temperature. 
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The electrodes will be of the same mosaic construction but of 
different ceramic materials. Electrical connections will be made to the 
appropriate mounting plates to give the desired electrical configuration. 

An estimate of the weight and cost of the generator channel is 
given in Table A 9.10.1. 


Table A 9.10.1 Weight and Cost of Generator Dect for Base Case 2 



Weight, lb 

Material Cost, $ 

Boiler Feedwater Headers 

136,783 

360,000 

Boiler Feedwater Heater Tubes 

15,427 

45,000 

Pressure Shell 

108,626 

325,878 ■ 

Side-Wall Insulation 

18,600 

55,800 

Electrode Wall Ceramics 

18,600 

55,800 

Insulation Support Plates 

27,589 

82,767 

Transpiration Air Piping 

381 

381 

Electrical Connectors 

1,000 

5,000 

TOTAL 

327,006 

885,059 


Installation Labor 
Total Cost 

$1,770,118 

$2,655,118 
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Fig. A 9. 11. 1 -Electric field plot of a typical segmented electrode 
WIHD duct. E-the Internal electric field vectors, Vn""the nth 
equipotentiaf line, u -gas velocity, B -magnetic flux density, and 
a=arctan ( 1-K)^/ K where K -generator coefficient andp -hall 
coefficient 
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Appendix A 9*11 


SIZE, WEIGHT, AND COSTS OF DC TO AC POWER CONDITIONING SYSTEM 
FOR OPEN-CYCLE MHD GENERATORS 

The size, V 7 eight, and costs of dc-to-ac power conditioning systems 
to be used with MHD generators were analyzed. Since MHD generators are 
dc devices, their dc power has to be converted to ac to be compatible 
with the steam plant and for power transmission. The dc-to-ac converters 
can be either static- type (solid state) or mechanical- type (motor-generator 
sets). For the open-cycle MHD generator in which the output voltage is 
14 kV or higher, output currents of 2- 51 A are possible, and solid state 
converter is plausible. The efficiency of such a system is on the order 
of 98 to 99% which represents a very low power loss. 

The proposed open-cycle MHD generator duct contains segmented 

electrodes. Since the working fluid is combustion gas with potassium or 

cesium seed, the electrical conductivity is low compared to liquid-metal 

MHD, and the Hall currents are low. Subsequently, the transverse currents 

dominate the operating characteristics of the duct- Figure A 9.11.1 shows 

the internal electric field vectors and the equipotential lines in such a 

duct. The electric field has a transverse component, and an axial 

component, E . The angle a between the electric field vector and E is 
X y 

related to the Hall angle 0 and generator coefficient, K. Since 
equipotential lines are normal to the electric field, it can be shovm 
that the angle between the equipotential lines and the downstream axis of 
the duct is also a. When electrodes are connected in series, therefore, 
one electrode must be connected to the diagonally opposite electrode and 
the angle of the diagonal with respect to the axis is a. In this manner, 
pairs of electrodes can be connected in series to generate output voltages 
compatible with solid-state converters. The width of the electrodes are 
selected so that the current per electrode is the sarae- 
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Effective Electrode Width, 


A Detail Example - Base Case 2^ Point 1 


Figure A 9.11.2 shows the electrical characteristics of the MHD 
generator as a function of downstream distance. This figure gives the 
terminal voltage, current density, Hall angle, and effective electrode 
width, assuming a 10 kA electrode current ♦ The elements making up each 
electrode were assumed to have been paralleled into two separate groups, 
each of which would carry 5 kA and be connected to an inverter bank 

kA being the maKimum current rating of present-day systems) . The values 
of current density in Figure A 9.11.2 were used together with Equation 
A 9.11.1 to determine the electrode widths in the axial direction at 
18 positions along the length. 


W 


el 


10000 
J L 


(A 9.11.1) 


where W , is the electrode width in the axial direction 
eb 

L is the MHD duct width 

J is the current density and the electrode surface 

Figure A 9.11.3 shows a typical layout of the electrodes. The diagonal 
dashed lines indicate equipotential lines between diagonally opposite 
electrodes. The angle bet^jeen these dashed lines and the downstream 
axis varies with downstream distance according to the Hall coefficient, 

6, times (1-K)/K where K is the generator coefficient. Voltages between 
pairs of electrodes are given. Note that only three sets of electrode 
circuits are shown. Two electrode pairs are in series which would 
generate 14 kv. A total of 17 circuits are required to convert the 
1180 MW, dc output power to ac power. A more detailed study of electrode 
sizes and electrode arrangements is needed to obtain optimum number 
of circuits. The arrangement given here, however, is good enough to 
determine weight, size, and cost of the dc-to-ac converters and associated 
hardware . 

A 9.11.2 D.C. to A^C. for Base Case 2, Point 1 

Each 14 kV, 5 kA dc-to-ac converter circuit consists basically 
of t\JO parallel inverters having the outputs connected to primaries of the 
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Fig. A 9. IL 3-Layout of opon-cyelo MHO duct-Base Caso Z Shown Is typical arrangaitionl (or connecting oladrodes In series- nie heavy lines are 
elGctrodas, diagonal dash lines are equlpotentlal lines, Vq Is output volta^ for two electrodes in series. Assumed current per electrode Is 5 kA. 



power transformers. Figure A 9.11.4 shows a typical circuit of a 12“pulse 
converter. The dc current from the MHD generator electrode circuit is 
fed (1) through a dc filter reactor used as a smoothing choke, (2) to an 
interphase reactor, (3) from each leg of the interphase reactor to a 6-pulse 
thyristor bridge inverter, converting the dc to three-phase ac pulses. 

The output of one thyristor bridge is fed to a delta-connected primary 
winding of the inverter transformer and the other thyristor bridge is fed 
to a wye-connected primary winding of the same transformer. The 34.5 kV 
secondary delta-connected winding of each Inverter transformer is fed 
through an ac circuit breaker and to the primary of the power transformer. 

The secondary voltage of the power transformer is assumed to be 500 kV. 
Actually, this voltage may be higher. Since the inverter is a 12-pulse 
scheme, a series of harmonics of order 11, 13, 23, 25, 35, 37.... and 
amplitudes of 1/11, 1/13.... are generated and fed into the line. A 
tunable filter (not shown in Figure A 9.11.4, therefore, is connected 
across the line to filter out the harmonics. Disconnect switches are 
placed between the inverters and the transformers. 

Figure A 9.11.5 shows a block diagram of the dc interrupter, 
the inverters, disconnect switches, transformers, ac circuit breakers, 
line filter, and tie breaker of the overall power conditioning system. 

A 9.11.3 Size, Weight and Cost of Power Conditioning System for 
Base Case 2, Point 1 

A detail analysis of the size, weight, and cost of a power 
conditioning system for a 26 MW fuel cell has been made by the Wesfclnghouse 
Electronic Department. The size and weight of the components for the 
system for Base Case 2 (1180 MW) were scaled from this 26 MW system. Table 
9.11.1 shows a breakdown of size and weight of the 26 MW system. The 
various items can be identified with the components shown in Figure A 9.11.4. 
The scaling factor used was the ratio of the MWs raised to a power. 

This exponent can vary from 0.75 to 1. We chose an intermediate scal- 
ing exponent of 0.85. The size and weight of the inverters were calculated 
by knowing the number of thyristors to be used and from previous experience 
in building such devices (Table A 9.11.2). The cooling system for the 
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Fig. A 9. 11 . 4 - Inverter scheme for dc to 30 ac power conversion 
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Table A 9*11*1 Inverter Scheme for 26 


Item Dimensions , in Weight , lb 


Filter C, 11th Harmonic 

Filter L, 11th Harmonic 

Filter C, 13th Harmonic 

Filter L, 13th Harmonic 

Filter C, High Pass 

Filter L, High Pass 

PF Correction C 

PF Correction L 

Transformers, 2 each 

Inverter Xnterphase Reac- 
tors, 4 each 

DC Filter Reactors, 4 each 

Emergency Connnutating Capa- 
citors, 4 each 

Emergency Commutating dl/dt 
Reactor, 4 each 

Emergency Commutating Re- 
versing Reactor, 4 each 


78 

X 

180 X 36 

12,000 

115 

X 

32 

2,300 

78 

X 

130 X 36 

8,400 

115 

X 

32 

2,300 

78 

X 

90 X 36 

4,500 

122 

X 

36 

2,100 

78 

X 

144 X 90 

25,000 

No 

data available 


No 

dat^a Est, 

111,000 

75 

X 

37 X 43 

2,950 

139 

X 

46 

5,400 

36 

X 

54 X 40 

3,600 

23 

X 

36 

600 

29 

X 

25 

275 


REPR("DU‘. ' :.ITY OF THE 
ORIGINAL PAGE IS POOR 
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Table A 9.11.2 1180 MH System 


A. 70 MW Direct Current - Alternating Current Converter Circuit 

Item Dimensions , in Weight, lb 


Inverter Set 

lOH X 13L X 7w 

13,650 

Inverter Cooling System 

8 X 10 X 6 

20,475 

Inverter Interphase Reactor 

12 X 6 X 7 

22,240 

DC Filter Reactor 

22. 7H X 7.5D 

40,711 

Emergency Commutating 
Capacitors 

6,6 X 9.9 X 7.3 

38,772 

Emergency Commutating 
di/dt Reactor 

3.7 X 5.9 

4,523 

Emergency Commutating 
Reversing Reactor 

4.7 X 4.1 

2,073 

Inverter Transformer 

28 X 15 X 16 

180,000 

AC Circuit Breaker 

11 X 5.1 X 13.4 

9,620 

TOTAL Converter Circuit Weight 


332,064 

B. IIOOMW Filter 


Filter C, 11th Harmonic 

22.6 X 52.3 X 10 


Filter L, 11th Harmonic 

27 X 7.5 


Filter C, 13th Harmonic 

22.6 X 37.7 X 10 

734,800 

Filter L, 13th Harmonic 

27 X 7.5 


filter C, Sigh Pass 

22.6 X 26.1 X 10 


Filter L, High Pass 

29.4 X 8.6 


Power Transformers 

38.7 X 21.7 X 17.5 

1,335,000 

TOTAL Weight of System 


7,714,900 
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thyristors is approximately one- third the volume of the thyristor stacks, 
stocks and the weight for the 70 MW 12-pulse inverter is 9299 kg (20,500 
lb), also based on experience* The sizes and weights of the transformers 
were obtained from data supplied by the Westinghouse Transformer Division. 
The pad required to house the power conditioning system is estimated to 
be 65 m (196 ft) long and 270 m (680 ft) wide. The overall weight of the 
components is 3,499,000 kg (7,714,900 lb). Layouts of the 70 MW circuit 
components and filter circuit components are shown in Figure A 9.11.6 and 
A 9.11.7. Table A 9. 11. 3 explains the numbers in the preceeding figures. 

A 9.11.4 Cost of Power Conditioning System for Base Case 2 

The cost of a 1180 MW dc-to-ac power conditioning system for 
Base Case 2 is based on the following cost/kW for the dc components or 
cost/kVA for the ac components according to the following schedule: 

• Inverter (including dc filter reactor, interphase 
reactor, commutating circuits, inverter bridges, 
and cooling system) - $30/kW 

9 Inverter transformers - $7.2/kVA 

• Tunable filter - $6/kVA 

9 dc interrupter - $6/kW 

m Power transformer - $2.5/kVA 

Results of cost calculations are given in Table A 9. 11. 4 . The total cost 
of the 1180 MW system is $57.8 million, which represents a unit cost of 
approximately $49/kW. These costs are FOB and do not Include delivery or 
installation^ The Power System Planning group at Westinghouse was con- 
sulted about the costing of this dc-to-ac power conversion system. They 
arrived at a cost range of $40 to 50/kW, The most probable cost of this 
power conversion systems, therefore, is assumed to be $50/kW. This cost 
is lower than that estimated for the smaller 26 MW system, which was $58/kW. 
An estimate of the installation costs for the inverter systems and tuned 
filter is given in Figure A 9.11.8. 


9-415 






I 




Table A 9.11.3 

Items shown in layout of Converter Circuits (Figures A 9.11.6 and A 9.11.7) 


Item No, 

Item 

1 

Inverters 

2 

Inverter Cooling System 

3 

Inverter Interphase Reactor 

4 

DC Filter Reactor 

5 

Emergency Commutating Capacitors 

6 

Emergency Commutating di/dt Reactor 

7 

Emergency Commutating Reversing Reactor 

8 

Inverter Transformer 

9 

Disconnect Switch Array 

10 

DC Interrupter 

11 

Lightninjc, arresters 

12 

Filter C, 11th Harmonic 

13 

Filter L, 11th Harmonic 

14 

Filter C, 13th Harmonic 

15 

Filter L, 13th Harmonic 

16 

Filter C, ^igh Pass 

17 

Filter L, High Pass 
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Table A 9.11.4 Cost Breakdown of Base Case 2 (1180 MW) 


Inverters 

Inverter transformer 
DC Interrupter 
AC circuit breaker 
TOTAL 

TOTAL for 17 circuits 


14 KV, 5 kA dc Circui t 

$ 2,100,000 

304.000 

420.000 
24.200 

$ 3,048,200 


$51,819,400 


B. Filter Circuit and Power Transformer 


Filter $ 3,000,000 

Power transformers 2,950.000 


Total 


5.950.000 


Total System Cost 
Cost, $/kW 


$ 57,769,400 
$48.9/kW 
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Estimated Inverter System Installation Cost, $/kW 



Estimated Filter Installation Costs 






A 9*11.5 Circuit Protection 


A 9*11.5.1 Short Circuits 

When a short circuit occurs in the MHD generator, the thyristor 
bridges should prevent a back flow of current from the other circuits of 
the MHD generator or from the main transmission lines# If, on the other 
handy the thyristors should become shorted, the dc breaker between the 
MHD generator electrodes and thyristor bridge should interrupt the 
current and isolate that circuit from the system# 

When a short occurs on the transmission line, the MHD generator 
will deliver a short circuit current of approximately five times the 
normal load current. This short circuit will be interrupted either by 
the dc internipter or by the tie-line breaker# Fortunately, an MHD 
generator is a rather ”soft’* current source compared to an ac alternator. 

A 9.11.5.2 Voltage Spikes 

Voltage instabilities or oscillations could develop in the MHD 
generator, or the load current may suddenly go to zero# The thyristor 
inverter bridge is designed to handle these transients without ^‘blowing out** 
components# For example, the 14 kV thyristor bridge, transformers, and 
reactors have a 42 kV transient voltage rating known as the BIL (Basic 
Impulse Level). Since some of the electrodes in the MHD duct are connected 
In series, voltage Instabilities In these circuits should average out. 

In addition, the dc filter reactor should help to isolate the thyristor 
bridge from voltage spikes generated in the MHD duct. The dc reactor is 
designed to smooth out voltage oscillations of frequencies greater than 
1 kHz. 

A 9.11.5.3 Lightning Strokes and Switching Transients 

The transmission line which is connected to the output of the 
power conditioning system is subject to lightning and switching surges* 

These transients are reflected back to the inverter transformers. The 
transformers are designed to handle such transients without baiog damaged. 
Besides, normal practice is to protect the transformers by placing lightning 
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arresters from line to ground at the transformer sites* These lightning 
arresters are designed to handle any power follow current that flows after 
being activated. 

A 9.11.5.4 System Stability to Load Changes 

The IfSD power plant supplies power from both the MHD generator 
and the ac generator of the steam bottoming plant. These two generators 
working together have a stabilizing effect on the system voltage and 
frequency when load changes or when one of the dc to ac inverters is 
suddenly disconnected. Lips and Ring (Reference 9 , 43 ) have made 
measurements on a similar system in which the dc to ac inverters supply 
500-1000 MW and the ac generator supplies 140-280 MVA. Their experiments 
included switching the inverters in and out of the system and switching 
the ac generator. The results of the experiment show: 

0 Connection of high voltage dc inverters to different 
buses of a common ac system does not lead to increased 
voltage distortion. 

o Alternating current voltage can be easily controlled 
by a combined action of generator excitation and 
controllable static compensators including switch 
capacitors, even if the total inverter rating 
throughout the system exceeds the installed synchronous 
generator capacity. 

0 Alternating current systems with predominant dc injection 
by the inverters can be controlled to work stably under 
all normal and most fault conditions. 

0 Successful operation of a conventional line commutated 
high-voltage dc inverter supplying a purely passive load 
shows that there is no technizal limit to the amount of 
dc injection by Inverters into a given ac system. 

Lips (Reference 9.4^ discusses the effect of multiple in feed of 
high-voltage dc inverter stations into a common ac system. He shows how these 
inverters can Inject harmonics in the system and cause Instabilities in 
the system. 
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Appendix A 9-12 
SEED COLLECTION 

Three broad options exist for the collection of seed compounds 
and fly ash from the open-cycle MHD system; 

e Wet scrubbing 

o Fabric filtration 

e Electrostatic precipitation 

Wet scrubbing offers one potential advantage. If seed re- 
processing is to incorporate aqueous treatment, the scrubber will perform 
dual functions - collecting the seed and simultaneously dissolving the 
soluble potassium or cedium salts. If dry processing of the seed is antici- 
pated, however, dissolution of the seed material complicates the process 
and requires evaporation and recrystallization steps. 

As dry processing of the seed is projected, wet scrubbing is 
not considered appropriate for seed collection. 

Bag filters have been used successfully on a laboratory scale 
for the collection of MHD seed material, (Reference 9.4 and 9.45) • 

’Ihe experience of the English program (Reference 9.4) showed a tendency 
towards bag "blinding”, with associated problems of bag cleaning and ex- 
cessive operating pressure drop. Experience with other dusts which blind 
bag filters (Reference 9.45) Indicates that the necessarily vigorous bag 
cleaning techniques result in accelerated bag failure rates, loss of material, 
and continuous maintenance difficulties. 

Electrostatic precipitation offers the potential for meeting 
seed recovery and emission requirements, shows no unusual operating 
difficulties (at this stage), and is closely allied to current power plant 
practice. 
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Based on the above considerations, we have selected electrostatic 
precipitato ’s for seed collection in the open^-cycle MJID systems which are 
under evaluation. 

A 9.12,1 Preliminary Design Eitimates 

Precipitator sizing is based on laboratory data established in 
the English MHD program (Reference 9.4)* 

A 9,12.1.1 Flow Cross Section 

Total gas flow to the precipitators will be approximately 
1588 kgls (3500 Ib/s) or 1981 m^/s (70,000 ft^/s) Based on the English 
data (Reference 9.4) an optimum gas velocity through the precipitator is 
1*37 m/s (4,5 ft/s). This requires a flow area of 1440 (15,500 f t^) . 

Assuming an active precipitator height of 15.24 m (50 ft), the precipita- 
tor width will be 96.0 m (315 ft). Alternatively, two units 15.2 m by 
48.8 Ts (50 ft by 160 ft) could be used (Figure 9.12.1). 

A 9,12.2.1 Plate Area 

Plate area can be estimated from the relationship: 

1 . „) 

where 

^ is the required precipitator efficiency 

C is Che effective migration velocity of particles in 
the precipitator 

A is the precipitator plate area 
Q is Che gas flow rate 

For Base Case 2, a design efficiency of 99.5% is required to comply 
with present particulate standards. For seed precipitation under acceptable 
precipitator operating conditions, the effective migration velocity is 
.0427 m/s (0.14 ft/s). This requires a collection plate area of 0.269 (km)^ . 
(2.9 X 10® ft^). 





/ 


Assuming an 0.203 zi (8 in) spacing for precipitator plates, 

6 2 

0.269 (2.9 X 10 ft ) of collection surface can be accommodated in a 
precipitator 15.24m (50 ft) high by 96. ra (315 ft) wide and 21.3 m (70 ft) 
deep, or in two units 15.24 m (50 ft) by 48.77 m (160 ft) by (70 
(Figure A 9.12.1). 

Equation A 9.12.1 was used to estimate the required precipitator 
plate area for other open*-cylce MHD parametric points. Capital costs for 
these cases were scaled from the base case using the relationship. 

i. = I A 

A, 

where $ is the capital cost of the precipitator 

$B is the capital cost of the base case precipitate 

A is the plate area of the precipitator 

A, is the plate area of the >ase case precipitator 
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